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Elizabeth Mary Kamai: Lead and children in North Carolina: patterns of lead testing across the 
state and a case study of point sources in Forsyth County, North Carolina. 
(Under the direction of David B. Richardson) 
No safe level of lead has been identified. Not every child receives a blood lead screening 
test, and elevated blood lead levels (EBLLs) cannot be identified in children who are not tested. 
Protecting children from lead requires identifying and removing sources of lead exposure, 
including outdoor environmental lead. In North Carolina, industrial point sources of 
environmental lead pollution may contribute to children’s lead exposure, particularly in Forsyth 
County, home to the vast majority of lead industry in the state.  
The first aim of this dissertation identifies determinants of lead testing and blood lead 
levels among children in North Carolina and estimates the number of additional children with 
EBLLs among those not tested. The second aim of this dissertation evaluates differences 
between neighborhoods near industrial point sources of lead and those further away, and assesses 
associations between residential proximity at birth to industrial point sources of lead and 
childhood blood lead levels in Forsyth County, North Carolina.  
I geocoded North Carolina birth certificates from 2011-2017 and linked them to sites 
reporting environmental lead releases and emissions from the Toxics Release Inventory and 
National Emissions Inventory; 2010 Census and 2006-2010 American Community Survey data; 
major North Carolina roadways; approximated 2010 public water systems; and North Carolina 
children’s blood lead test results from 2011-2018.  
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Nearly 2/3 of children born in North Carolina were tested for lead as toddlers. There may 
be as many as 17,500 additional children born in the state in 2011-2016 who have blood lead 
levels ≥3 µg/dL but were never tested for lead. In Forsyth County, people exposed to industrial 
point sources of lead are disproportionately Black and low-income. Children whose mothers 
lived within 2 km of an industrial source of lead at the time of delivery had nearly twice the risk 
of blood lead levels ≥3 µg/dL compared to children of mothers living >2 km of any such site.  
Current lead screening strategies in North Carolina fail to identify children with 
subclinical lead poisoning. Lead exposure is an environmental justice concern in Forsyth County, 
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CHAPTER 1: SPECIFIC AIMS 
While the removal of lead from gasoline and paint in the 1970s and 1980s in the U.S. was 
accompanied by dramatic declines in children’s exposure1 and progress has been made in 
reducing children’s lead poisoning, low level lead exposure remains a pervasive problem for 
U.S. children.2 There is no safe level of blood lead in children.3 
State programs for protection from lead exposure rely on identifying children with high 
concentrations of lead in their blood and removing lead exposure sources. However, two major 
barriers exist to protect children. First, not every child receives a blood lead test, and those who 
do are not randomly sampled. Second, investigations to identify possible sources of lead 
exposure are only triggered if a child’s blood lead level (BLL) is above an “action level” (usually 
the U.S. Centers for Disease Control and Prevention [CDC] reference value of 5 µg/dL). 
Estimates suggest that 500,000 children in the U.S. have blood lead above 5 µg/dL4, and that 12 
million additional children have blood lead levels between 1 and 5 µg/dL, levels at which lead 
still can cause harm.5,6 These children may be chronically exposed to low levels of lead over 
long periods of time with no intervention, resulting in both irreversible and intergenerational 
health effects.  
Further, studies of children’s blood lead levels are missing outcome data for children who 
were never tested. Analyses that condition on testing may suffer from selection bias;7 and 
correlations between explanatory variables and children’s blood lead levels may be induced by 




restricting analyses to children tested for lead could bias estimates of association between 
sources of lead exposure and children’s blood lead levels.  
Moreover, environmental lead contamination from both current and past industrial lead 
production is directly related to the lead levels of children living in neighboring communities.8-10 
Even low levels of lead contamination in soil can be harmful to children, whose bodies absorb 
about 50% of ingested lead, compared to about 6% in adults.11 However, sources of 
environmental lead exposure are not well studied or well characterized. Environmental lead 
contamination is concerning because it may be difficult to identify a clear source and an entire 
neighborhood of families may be at risk of ongoing low-level lead exposure. There remains a 
need for further investigation into the extent of the effect of point sources of environmental lead 
exposure on children’s BLLs.  
Forsyth County is home to three quarters of North Carolina’s adult occupational lead 
exposure, despite accounting for less than 4% of the state’s population.12,13 However, it remains 
unknown whether the facilities at which lead-exposed workers are employed have broader 
impacts on the levels of lead in the soils and children of neighborhoods nearby.  
This dissertation builds on previous research to address children’s lead exposure research 
gaps in North Carolina. By leveraging the linkage of administrative and publicly available data, I 
evaluate variability and predictors of lead screening testing throughout the state and examine the 






Specific Aim 1. Characterize and identify predictors of children’s blood lead surveillance and 
levels in North Carolina in the years 2011-2018 by matching lead test results to a geocoded 
cohort created from birth certificates.  
a) Assess maternal, infant, and neighborhood characteristics at birth that predict receiving a 
blood lead test at <30 months of age. 
b) Assess maternal, infant, and neighborhood characteristics at birth that predict children’s 
blood lead levels at <30 months of age. 
c) Apply inverse probability of missingness weights to account for children missing lead 
testing results and assess whether accounting for this missingness changes the results of 
part (b). 
d) Use the results of parts (b) and (c) to estimate the proportion of children who were not 
tested for lead expected to have elevated lead levels.  
 
Specific Aim 2. Examine the association between known industrial sources of environmental 
lead and children’s blood lead levels among children born and tested for lead in Forsyth County, 
NC in 2011-2018 by matching lead test results to a geocoded cohort created from birth 
certificates and locations of currently and historically government-monitored sites of lead 
production, emission, and/or workplace exposure. 
a) Compare characteristics of pregnant women living in close proximity to sites of lead 
production, emission, and/or workplace exposure in Forsyth County, NC to those of 
populations living further away.  
b) Assess whether residential proximity to sites of lead production, emission, and/or 





CHAPTER 2: BACKGROUND AND SIGNIFICANCE 
The scientific literature about lead is extensive and spans centuries. Rather than cover it 
all, this chapter focuses on how our understanding of human exposure to lead and its effects on 
human health has evolved in recent history, and it illuminates gaps in that understanding which 
the specific aims of this dissertation attempt to address. 
 
2.1 Lead – a brief history 
Lead is a naturally occurring element found in accessible ore deposits in the earth’s crust 
around the world. It is a malleable, stable, corrosion-resistant metal and poor conductor of 
electricity, and it is relatively easy to both mine and recycle, all of which are extremely useful 
properties in many industries.14 
Humanity’s fraught relationship with lead dates back millennia, to the times of the 
Phoenician, Egyptian, Hebrew, and Roman civilizations.15 In Ancient Rome, lead and lead 
products were used in a wide variety of applications, including plumbing (from the Latin word 
for lead, plumbum), pots and cookware, cosmetics, pigments and glazes, coins, and as a 
sweetener and preservative in wine.16 In more recent history, lead was used in paint, as an 
additive in gasoline, in pipes and solder in plumbing systems, and in lead arsenate insecticides.14  
Lead has long been a known toxin, since at least the 2nd century B.C.E. when it was 
described by the Greek poet Nicander.16 Compared to the long history of human utilization of 




case series described in the late 19th century.17,18 Growing awareness of the widespread problem 
of pediatric lead poisoning in the United States (U.S.) prompted federal legislation designed to 
reduce the problem of lead exposure. Lead was phased out of gasoline beginning in 1973 and 
federally banned from consumer paints in 1978.14 By 1996, leaded gasoline was prohibited 
except for use in piston engine aircraft.14,19 In 1991, the Lead and Copper Rule established an 
action level of lead in public water systems in order to reduce lead exposure from drinking 
water.14  
As a result of these regulations, lead production and consumption drastically shifted over 
the latter half of the 20th century through the last two decades. Today, lead-acid batteries account 
for the vast majority of lead consumption in the U.S. (93% in 2019), and are used primarily as 
starting-lighting-ignition batteries in cars, including many new electric vehicles.20,21 The 
recycling of these batteries to produce secondary lead accounted for 1.2 million tons of lead 
production in the U.S. in 2019, or nearly three quarters of total domestic consumption.20 
While the removal of lead from gasoline and paint in the 1970s and 1980s in the U.S. was 
accompanied by dramatic declines in children’s exposure1 and progress has been made in 
reducing children’s lead poisoning, low level lead exposure remains a pervasive problem for 
U.S. children.2 
 
2.2 Measuring lead exposure 
The primary routes of exposure to lead are ingestion and inhalation.11 Although the 
majority of an individual’s lead burden is stored in bone and teeth, up to 95% in adults and 70% 
in children,11 exposure to lead is most frequently measured as a concentration (µg/dL) in whole 




and lead already deposited in the body. The half-life of lead in circulating blood is approximately 
one month. The half-life of lead in bone is much longer, 10-30 years, depending on the type bone 
and life stage.11 Bone lead therefore reflects long-term exposure to lead, while blood lead reflects 
recent or current exposure, making BLL more sensitive to environmental changes made to 
reduce an individual’s exposure to lead. Lead measured in whole blood is the basis of evaluation 
of lead exposure in most surveillance systems and in many epidemiologic studies.22 
Measuring levels of lead in blood is limited by the tools available to do so. The CDC uses 
a “reference level” of 5 µg of lead per deciliter of blood (µg/dL) to indicate whether children 
have “blood lead levels that are higher than most children’s levels”.3 Lead in venous blood 
measured using inductively coupled plasma mass spectrometry (ICP-MS) is considered the gold 
standard for blood lead measurement.23,24 ICP-MS can detect blood lead levels as low as 
0.015 µg/dL.25 However, ICP-MS is expensive and can only be used in “high complexity” 
laboratories with highly skilled staff.26,27 ICP-MS is a relatively recent technology, replacing 
Graphite Furnace Atomic Absorption Spectroscopy as the previous gold standard for blood lead 
level assessment.26,28,29 GFAAS is also a highly accurate, high complexity blood lead 
measurement method, but it requires a higher volume of blood than ICP-MS.26 
Other, moderate complexity, laboratory methods for measuring blood are subject to 
greater variability in detection. Federal laboratory certification under the Clinical Laboratory 
Improvement Amendments accepts blood lead measurements with a range of measurement of ±4 
μg/dL or ±10%.24 Even CDC laboratories using venous whole blood report detection limits as 
high as 3-5 µg/dL.24 
Only one device, LeadCare® II, is commercially available in the U.S. for point-of-care 




can be performed in a range of clinical settings without high skill training requirements, but its 
lowest reportable blood lead level is 3.3 µg/dL.26 The maker of this device also has several other 
moderate complexity blood lead measurement systems – LeadCare® Plus, LeadCare® Ultra, and 
LeadCare® Testing Systems – that are approved to measure lead in capillary blood, with limits 
of detection as low as 1.4 µg/dL.23,26 However, these devices are subject to bias at levels lower 
than 5 µg/dL,23,30 and capillary blood sample collection is subject to environmental 
contamination from residual lead both on the skin at the finger puncture site and in the materials 
used to store the sample.24,31 Therefore capillary test results that show elevated blood lead in 
children require confirmation testing with high complexity testing methods.26,27 
In 2017, the Food and Drug Administration (FDA) recalled all four LeadCare® blood 
lead testing systems due to inaccurate blood lead results when processing venous blood samples. 
While the devices were approved to measure lead in capillary blood (e.g. from a finger prick), 
they reportedly underestimated lead in venous blood.32 None of the LeadCare devices are high 
complexity tests, but investigations following the FDA recall in 2017 determined that clinicians 
and health departments across the country had, in error, relied on measurement of venous blood 
using LeadCare devices as confirmatory tests.33 The CDC issued recommendations that included 
retesting children and pregnant women potentially affected by the measurement error,34 but 
communication and testing policies varied by state, and it is unclear the extent to which retesting 
with appropriate methods occurred.33 
 
2.3 Adult lead surveillance and exposure 
Since 1987, the National Institute for Occupational Safety and Health (NIOSH), part of 




departments to operate the Adult Blood Lead Epidemiology and Surveillance (ABLES) program, 
which collects data on laboratory-reported blood lead levels for employed adults (age 16 years 
and older).35,36 ABLES submission is voluntary; as of 2018, 37 states participated, and 
participation has varied (reaching a peak of 41 states) due to inconsistent funding of ABLES.35 
Moreover, more adults are not tested for lead. Rather, only employees in workplaces with high 
lead exposure (30 µg/m3 of airborne lead for 30 days or more) are required by the Occupational 
Safety and Health Administration (OSHA) to have regular blood lead tests.37 As a result, the vast 
majority of reported lead exposure in adults in the U.S. is related to employment.35 
Although adult BLLs have decreased over the past 30 years, occupational lead exposure 
remains a significant problem in some industries. From 2003-2005, 21% of adults with 
laboratory-reported BLLs ≥25 µg/dL were employed in the construction industry, 21% were 
employed in battery manufacturing, and 11% were employed in primary metal manufacturing.38 
In 2013, 20% of adults with BLLs ≥25 µg/dL were employed in the construction industry and 
38% were employed in battery or metal manufacturing.35 Although the prevalence of adults with 
elevated blood lead has decreased in the past 20 years,35 adult lead exposure remains a concern 
in the U.S., in part due to occupational exposure standards that have remained unchanged since 
implementation in the 1970s.  
OHSA mandates that an employee must be notified and provided a medical examination 
only if their BLL exceeds 40 µg/dL. However, an employee is not mandated to be removed from 
work until their BLL exceeds 60 µg/dL (or averages ≥50 µg/dL on three or more tests) or 
exceeds 50 µg/dL if they work in construction.36 Some states have updated their standards to 
reflect health research indicating adverse health effects at lower levels of exposure. For example, 




if their BLL exceeds 30 µg/dL once or exceeds 20 µg/dL twice.39 The American College of 
Occupational and Environmental Medicine recommends national adoption of similar standards.40 
In 2015 NIOSH made its reference BLL for adults 5 µg/dL, acknowledging accumulating 
evidence that low lead exposure is hazardous to adults; however, national workplace standards 
have not changed.36 North Carolina, however, continues to adhere to the OSHA mandated levels.  
Occupational lead exposure in the U.S. is estimated to cost at least $390 million 
annually.41 Moreover, its effects can spill over to the families of workers and can contribute to 
childhood lead exposure, the primary focus of this dissertation.  
 
2.4 Children’s lead exposure 
The CDC collects and compiles state surveillance data on children’s lead exposure as part 
of the Childhood Lead Poisoning Prevention Program (CLPPP).42 Since 1960, the CDC has 
gradually lowered the concentration of lead in children’s blood considered “safe”, originally 60 
µg/dL in 1960, more recently 10 µg/dL from 1991-2012, and finally updated in 2012 to a 
“reference value” of 5 µg/dL.42,43 However, this value is a reflection of the estimated distribution 
of BLLs in U.S. children (approximately the 97.5th percentile), rather than a level of safety.42 In 
2017, the most recent year for which data is publicly available, 24 states and the District of 
Columbia provided data to CLPPP, representing about half of U.S. children.44 Less than 20% of 
children under 6 years in these states were tested for lead. Three percent of children tested for 
lead in the U.S. in 2017, or nearly 40,000 kids, had BLLs greater than 5 µg/dL.45 The CDC 
estimates that half a million children under 6 in the U.S. have BLLs greater than 5 µg/dL, but 





Lead paint and housing age 
Lead paint has been a well-documented source of children’s lead exposure since at least 
the beginning of the 20th century.18,46 Children can be exposed to lead from paint by direct 
ingestion of paint chips, which taste sweet.47 Children can also ingest dust or soil which has been 
contaminated by leaded paint or other environmental sources of lead by crawling and performing 
normal hand to mouth behavior.48 As lead-based paint deteriorates, it contributes to levels of lead 
indoor dust as well as in outdoor soil.48-50 
Lead measured in the dust in a child’s home, particularly lead dust loading (µg/ft2) is 
strongly correlated with children’s BLLs.48,51-58 The Environmental Protection Agency’s (EPA’s) 
Dust Lead Hazard Standard (DLHS) is used during risk assessments to identify potential lead 
contamination, while the Dust Lead Clearance Level (DLCL) is used to determine whether lead 
abatement has been successful. Until 2019, the residential floor DLHS was 40 µg/ft2.59 There has 
been evidence for more than a decade that levels considerably below this standard contribute to 
elevated blood lead in children.60 Children living in housing with >15 µg/ft2 floor lead dust, a 
level less than half the current standard, have more than twice the odds of elevated blood lead 
compared to children with lower floor dust lead levels.57 The EPA recently updated the DLHS 
and DLCL for the first time in nearly two decades, lowering both to 10 µg/ft2 for residential 
floors.61 
Although banned from use in the United States in the 1970s, lead paint remains an 
important source of children’s lead exposure. 34% of homes in the U.S. with at least one child 
under 6 years contain lead-based paint.62 Houses built before 1960 have a higher prevalence of 
lead paint hazards – defined as “[a]ny condition that causes exposure to lead from dust-lead 




surfaces, friction surfaces, or impact surfaces, and that would result in adverse human health 
effects”63 – than those built between 1960 and 1978.49 Further, estimates of the prevalence of 
lead paint hazards are an undercount of the true existing hazards because they rely on old 
standards that were developed to preventing children’s blood lead levels in excess of 10-15 
µg/dL.6 
Among the most consistent predictors of elevated blood lead is the year a child’s home 
was built.60 Nearly a quarter of homes built between 1960 and 1977 contain lead-based paint.62 
Children who live in housing built before 1978 in poor condition or which has recently 
undergone renovation are at particularly elevated risk of lead exposure.57,60,64-66 The inverse 
relationship between housing age and children’s lead exposure exists at a neighborhood level as 
well. The percent of housing in a neighborhood built before 1950 is consistently positively 
associated with both an individual child’s BLL and the proportion of children in that 
neighborhood with elevated blood lead.67-73 Other researchers have found that proportion of 
housing built before 1940 predicts children’s BLLs as well74, with one group finding a stronger 
predictive association with this factor than with housing built between 1940 and 1950, and no 
predictive effect of the proportion of housing built 1950-1980.75 
 
Drinking water 
Drinking water can be an additional important potential source of lead exposure in some 
communities, comprising 10-20% of children’s lead exposure in the U.S.51,53,68,76-79 Addition of 
disinfectant chloramines to drinking water can corrode lead in service lines, solders, pipes, and 
fixtures.80 The effect of water disinfectants on children’s lead levels is not distributed evenly 




(presumably with older plumbing containing lead solder, banned in the U.S. in the 1980s, or 
fixtures with lead alloys).80 Lead in water is of particular concern for formula-fed infants, for 
whom lead-contaminated water would constitute a greater portion of their overall diet than both 
breastfed infants and older children.81 
 
Secondhand smoke  
Cigarette smoke contains lead and other heavy metals and can contribute to children’s 
lead exposure both directly and by increasing lead in dust around the home.82 60,83 Children’s 
BLLs are positively associated with the number of cigarette smokers in their home84,85 and with 
levels of serum cotinine, a biomarker of nicotine exposure.83,86 These associations persist even 




Use of traditional medicines and remedies, spices, ceremonial powders, cosmetics, and 
other cultural items imported from countries in Central and South America, South Asia, India, 
and elsewhere around the world are documented sources of lead exposure in pregnant women 
and children in the U.S.87-97 Powders, spices, and medicines may be originally contaminated with 
lead or lead may leach from pots, plates, and other hollowware used in their preparation, 







Occupational take-home lead exposure  
Adults exposed to lead at their workplace can bring lead home in their cars and on their 
clothes, thus exposing their families to lead. Take-home lead exposure has been documented in 
the U.S. since at least 1975, when an investigation of lead smelter workers in Memphis, 
Tennessee determined that lead dust on work clothing was the source of lead in the blood of 
workers’ children and wives.99 In this investigation, children’s lead levels correlated with their 
father’s lead levels and his duration of employment. 
Lead smelting is not the only industry in which workers exposed to lead subsequently 
expose their children. In 2010-2011, surveillance of children’s BLLs in Puerto Rico identified 
take-home exposure from a battery recycling smelter.100 Identification of three children with a 
relative employed at the facility led to voluntary testing of employees’ children, resulting in 
identification of an additional 39 children <6 years with blood lead ≥5 µg/dL and 105 adults with 
blood lead ≥10 µg/dL.100 Investigators found high levels of lead dust in employees’ homes and 
cars. 
Children of a worker at an electronic scrap recycling facility in Ohio were exposed to 
lead from dust brought home by the worker.101 The children’s exposure prompted NIOSH 
investigators to include lead sampling as part of an unrelated health hazard investigation at the 
facility, which had not previously undergone lead monitoring. In this case, identification of 
children with elevated blood lead via routine surveillance alerted public health officials to a 
previously unidentified source of occupational lead exposure.101 
Children of workers occupationally exposed to lead have higher BLLs than U.S. children 
as a whole.102-104 In an extreme case, children’s lead levels correlated with their father’s lead 




lead ≥80 µg/dL.99 In another, when a father occupationally exposed to lead left his job at an 
electronic scrap recycling facility, his children’s BLLs subsequently decreased.101 Reducing 
occupational exposure and improving workplace safety could protect the health of both workers 
and their children. 
 
2.5 Environmental lead exposure 
Environmental sources of lead are an underappreciated source of children’s lead exposure 
and may become more important as lead paint becomes less prominent in children’s 
environments.105 While it is well established that indoor dust lead levels are among the strongest 
predictors of a child’s BLL, lead measured in indoor dust can originate from both interior and 
exterior sources, such as road dust, soil, and airborne particles.48,50,106,107 Three and a half percent 
of housing units, or 3.8 million homes, are estimated to have soil lead levels ≥1200 parts per 
million (ppm) somewhere outside the home, and over half a million housing units in the U.S. 
have soil lead levels in child play areas ≥1200 ppm.62 Moreover, among homes with no lead-
based paint, 5% have soil lead levels ≥200 ppm and 28% have soil lead levels ≥50 ppm,49 
suggesting that environmental sources of lead in the broader neighborhood can impact children’s 
lead exposure at home. 
Warmer months are consistently associated with higher BLLs in children.67,108-111 There 
are several potential explanations for this phenomenon. Lead levels in dust follow parallel 
seasonal patterns, increasing in warmer months when temperature is high and soil moisture is 
low.112 Home renovations, which can increase blood lead concentrations,66 may be done more 
often in summer months. Moreover, indoor lead content increases during hotter months as well, 




coincides with more hours of daylight, making outdoor playtime both more desirable and 
feasible. In summer months, children more frequently play on porches, where weathering can 
make deteriorating lead paint more accessible. Preschoolers have significantly more outdoor 
playtime in warmer months than cooler months,111 providing more opportunities to (accidentally 
or intentionally) consume more soil, dirt, or dust. There is also greater exposure opportunity 
from sources of lead outside the home.48 Finally, Vitamin D synthesis increases during the 
summer months, thereby increasing absorption of calcium and, by mimicry, lead.113 
 
Sources of environmental lead deposition 
Soil is a reservoir of both historical and contemporary lead deposition; lead binds 
strongly to soil and remains in the environment long after its deposition.11 Ice cores collected 
from Greenland and northern Europe provide evidence for anthropogenic sources of atmospheric 
lead deposition beginning as early as 800-500 B.C.E.114-116 Lead deposition from decades or 
centuries ago is therefore extremely relevant to levels measured in soil today. 
Despite drastic decreases in airborne lead emissions in the U.S. since the 1970s, soil lead 
concentrations have changed very little, reflecting the lack of degradation of lead in soil.117 Soil 
lead levels tend to be higher in center city areas compared to suburban areas, related to both 
traffic and housing density.117 Much of the lead measured in soil in the U.S. is a result of decades 
of combustion of leaded gasoline in automobiles.11 Although lead was finally banned from 
gasoline in 1995, historic and current traffic density remains a strong predictor of soil lead 
concentrations in urban areas.118,119 Deteriorating exterior lead paint on older homes and 
buildings also contributes to lead in soil, and soil lead levels are weakly positively correlated 




concentration of bioavailable lead in soil is positively associated with the average age of parcels 
nearby and inversely associated with distance to a major surface street.119 
Environmental lead deposition is also the result of lead mining and production activities 
in the U.S. Although the last primary lead smelter in the U.S. closed in 2013, there are still ten 
lead mines currently operating in the U.S., half of which are in Missouri, the rest in Alaska, 
Idaho, and Nevada.121,122 Moreover, there are over 400 potential sites across the U.S. where lead 
smelting was active in the 20th century, and the extent to which many of these sites may be 
contaminated with lead or contributing to local communities’ lead exposure is largely 
unknown.123,124 Secondary lead production remains a massive industry; over 1 million tons of 
secondary lead was produced in the U.S. in 2017. 
Lead contamination from industrial activity extends into the communities that border 
these facilities. Lead is present in 80% of Superfund sites121, and soil measured in neighborhoods 
bordering former smelters and closed mines have higher concentrations of lead than soil in 
neighborhoods further from these sites11. Lead deposition from the use of lead arsenate pesticides 
in the 20th century can be a source of lead in homes and childcare centers built on or next to 
former orchards.125,126 
In a study of an urban area in the South Carolina, researchers found that distance to 
facilities that had reported an environmental release of lead to the Toxics Release Inventory 
(TRI) in the same year as soil testing, or in the previous ten years, was significantly inversely 
correlated with soil lead levels within 5 km.120 Researchers found that playgrounds in Port Pirie, 
a mining and smelter community in South Australia, were contaminated with lead dust from the 
nearby mine.127,128 Levels of lead dust, with isotopic compositions identical or similar to that of 




A number of federal and state agencies in the U.S. regulate lead in soil. At the national 
level, the concentration at which the U.S. EPA considers lead in residential soil hazardous 400 
ppm in children’s play areas and 1200 ppm elsewhere.59 This limit is much higher than that of 
some other countries, including Australia, which limits soil lead to 300 ppm for residential areas 
with accessible soil, daycare centers, and playgrounds;129 Norway, where soil lead may be no 
higher than 100 ppm in day care centers, playgrounds, and schools;130 and Canada, where the 
lead limit for soil in residential areas or parks is 140 ppm.131 Some states have adopted similarly 
stronger standards; in California, lead concentrations must be <80 ppm in residential soil and 
<320 ppm elsewhere.132  
Airborne lead emissions in the U.S. have decreased 99% since 1970 but remain a relevant 
source of lead exposure, especially for communities near airports. 50% of air lead emissions in 
2005 were due to aviation gasoline (avgas), the only legal lead-containing transportation fuel in 
the U.S.133 Both airborne and soil lead levels are elevated near airports.134,135 
 
Environmental lead and children’s blood lead levels 
Lead measured in children’s outdoor environments are associated with their blood lead 
levels. Children who play outside and/or ingest soil and dirt are at risk of elevated blood 
lead.48,57,58 Soil lead measured in a child’s yard is significantly correlated with their 
BLL.58,103,104,136-138 In Philadelphia, total and bioaccessible lead levels in soil collected from the 
yards of children’s homes were associated with their BLLs, with bioaccessible lead explaining 
more of the variability in blood lead than total lead.139 Researchers in New Orleans measured 
lead in soil sampled next to home foundations, residential streets, and busy streets, and in open 




children’s BLLs.140 There is also extensive research that shows median or average soil lead 
levels aggregated to the census tract or block level are associated with increased BLLs in both 
ecologic studies and for individual children.138,140-147 
The exposure response between lead in soil and lead measured in children’s blood is 
steepest at lowest levels.143,146,148 In New Orleans children, when soil lead concentrations are 
>300 mg/kg, each additional 100 mg/kg in concentration is associated with a 0.32 µg/dL increase 
in blood lead. However, when soil lead concentrations are <100 mg/kg, an additional 100 mg/kg 
increase is associated with a 1.4 µg/dl increase in blood lead concentration.148 Even low levels of 
lead contamination in soil can be harmful to children, whose bodies absorb about 50% of 
ingested lead, compared to about 6% in adults.11 
Lead is also a Criteria Air Pollutant regulated by the EPA.149 As with soil lead levels, the 
correlation between air lead levels and children’s BLLs is strongest at the lowest levels.150 That 
is, at very low concentrations of air lead (0.25 µg/m3), each additional 0.1 µg/m3 increase of lead 
in the air predicts a greater corresponding increase in children’s BLLs than an additional 0.1 
µg/m3 of air lead when the ambient air level is 1.0 µg/m3.110,150 In the U.S., decrease in ambient 
levels of lead in air in Chicago correlated with decreases in children’s BLLs in the 1960s-
1980s.110 Brink et al. (2013) compared children’s BLLs in 1508 U.S. counties in 2000-2006 
compared to lead levels in air, using the 2005 National Air Toxics Assessment data.69 County air 
lead levels were statistically significantly positively associated with the proportion of children 
with BLL ≥10 µg/dL. This association did not extend to Kansas, however, where Brink et al. 
(2016) found no relationship between census tract-level ambient lead concentrations and mean 





Point sources of environmental lead and children’s BLLs 
Environmental lead contamination from both current and past industrial lead production 
is directly related to the lead levels of children living in neighboring communities.8-10 For 
example, in Pueblo, Colorado, 14% of children living within 0.75 km of old smelters, where soil 
lead levels were ≥200 mg/kg, had BLL ≥5 µg/dl. Nine percent of children living 0.75-3 km from 
smelters, where soil lead measured 100-199 mg/kg, had BLL ≥5 µg/dl. Less than 5% of children 
living >3 km from smelters, where soil lead measured <100 mg/kg, had elevated blood lead.10 In 
Oklahoma, children living in a former mining town had 2 µg/dL higher BLL and 5.6 times the 
odds of BLL ≥10µg/dL compared to children living in similar towns without a history of mining, 
even after adjustment for environmental lead levels and children’s hand-to-mouth behaviors.136 
Living in proximity to an active industrial site that releases lead is associated with 
elevated blood lead in children. Brink et al. (2016) found an inverse association between distance 
to a lead-emitting TRI site and BLLs of Kansas children during years 2000-2005, controlling for 
census tract level pre-1950 housing and poverty.72 A study in New Jersey identified TRI sites, 
hazardous waste locations (based on the New Jersey Department of Environmental Protection 
and Energy “Site Status Report”), and traffic volume, and visually examined where these factors 
were distributed relative to census tracts with high numbers of children with elevated blood 
lead.151 While there was correlation between the industrial sources of lead and children with 
elevated BLLs, no statistical analyses were performed, and there does not appear to be any 
follow up since publication. Having a TRI facility within 2 km of a child’s census tract was 
positively associated with BLLs in Michigan children.67 
Aviation gasoline accounts for half of airborne lead emissions in the U.S., and living in 




piston-engine aircraft operated in the U.S.,152 and 16 million people live within 1 km of airports 
using leaded gas.19 A study of North Carolina airports and childhood blood lead screening found 
that living within 1500 m of an airport was associated with increased BLLs.134 The magnitude of 
the association was stronger for children residing closer to the airport (within 500 m or 1000 m). 
A more recent study evaluated associations between airport avgas use and child BLL ≥5 µg/dL 
in Michigan, accounting for the volume of piston engine aircraft traffic, prevailing winds, age of 
housing stock, and locations of industrial point sources.67 Children who lived within 3 km of an 
airport had elevated BLLs compared to children ³4 km away. Similar to Miranda et al.’s 
research, the magnitude of this association was stronger for children residing closer to the airport 
(within 1 km or 1-2 km). Airport traffic was positively associated with blood lead of children 
who lived nearby, with piston engine aircraft traffic positively associated with BLLs of children 
up to 4 km away.67 They also examined interactions between airport distance, volume, and 
prevailing winds, finding that the strength of the association decreases with distance (>1 km), but 
that prevailing wind direction attenuates this decreased association, so that children who live 1-2 
km from an airport in the direction of the prevailing wind have a similar risk to children who live 
closer but in a different direction.67 
Although it is clear that environmental lead contamination remains a threat to children’s 
health, the sources of environmental lead exposure are not well studied or well characterized. 
Environmental lead contamination is concerning because it may be difficult to identify a clear 
source and an entire neighborhood of families may be at risk of ongoing low-level lead exposure. 
There remains a need for further investigation into the extent of the effect of point sources of 
environmental lead exposure on children’s BLLs, as well as methods to reduce and ultimately 




2.6 Racial and socioeconomic disparities in exposure to lead 
Exposure to both household and environmental lead hazards are unevenly distributed 
across racial and socioeconomic groups in the U.S. Forty-five percent of African-American 
households contain lead-based paint, compared to 32% of white households.62 Low-income 
homes are more likely to have lead hazards than homes with middle and upper incomes.49,62 Lead 
dust levels are higher in homes of children who are black, have lower household education, have 
lower family poverty-to-income ratio, live in older homes, or live with a smoker at home.53,83,153  
Environmental sources of lead are concentrated in lower income, predominantly non-
white neighborhoods. Studies in South Carolina, New Orleans, Louisiana, and Pueblo, Colorado 
have found that soil lead concentrations are higher in areas with low average incomes and 
relatively greater proportions of black children and mothers than other nearby areas.154-156 In 
Detroit, lead-emitting industrial facilities are disproportionately located in segregated, 
predominantly black neighborhoods, regardless of socioeconomic status (SES).157 
Black and foreign-born children generally have higher BLLs than white children and 
those born in the U.S.57,60,83,158 These associations hold true at an ecologic level as well; children 
living in census areas with higher proportions of African American, Latino, or recently 
immigrated residents have higher BLLs than those living in areas with higher proportions of 
white and native-born residents.68,70,71,74,75,134,159 
Poverty and measures of lower socioeconomic position – linked to race in the U.S. as a 
result of historic and continued systematic and structural racism and racial injustice, 
discrimination, barriers to opportunity for Black and Brown people160-162 – are consistently 
strong predictors of elevated risk of children’s lead exposure.68-70,72,74,134,163 164 Decreasing 




receiving of public assistance,67,71,73 higher proportion of adults with less than a high school 
education,67,68,74,75,163 higher proportion of households below 185% of the federal poverty level,75 
and greater poverty-to-income ratio (PIR)60 are all related to higher children’s BLLs. Children 
covered by Medicaid are both more likely to be tested for lead and more likely to have elevated 
blood lead compared to children who are not on Medicaid.75 
Housing characteristics related to neighborhood socioeconomic status have been shown 
to be associated with children’s BLLs. Neighborhood median home price,67,68 average town 
taxable value of homes,145 and the percent of owner occupied housing are all inversely associated 
with children’s BLLs,68,70 while the percent of vacant homes was positively associated with 
elevated blood lead in communities in Rhode Island and Massachusetts.70,71 
There is an association between an area’s racial and socioeconomic makeup and both 
proximity to lead exposure hazards and children’s lead levels. It appears plausible then that 
research identifying neighborhood measures of race or socioeconomic status as predictors of 
increased risk for elevated blood lead may in fact be identifying an effect of a point source of 
environmental lead in a neighborhood, confounded by more easily measured demographic 
characteristics of that neighborhood.  
 
2.7 Health effects of lead exposure 
Adults 
Lead poisoning can result in a range of adverse outcomes in multiple physiologic 
systems, including neuropathy, tremors, weakness, lethargy, paralysis, seizures, abdominal pain, 
anemia, renal failure, hypertension, decreased fertility, or adverse birth outcomes.11,165 Even low 




function,166 and prenatal maternal blood lead below 10 µg/dL is associated with decreased birth 
size.167-169 There is no apparent threshold for the latter association, and it appears to be 
supralinear, with the lowest levels exhibiting the proportionally steepest dose-response 
associations.167,168 In 2015, the National Institute for Occupational Safety and Health (NIOSH) 
established the reference blood level for adults at 5 µg/dL.36 There is evidence that the levels 
below this are still harmful.166 The dose-response curve for concentrations of lead in blood 
appear to be decelerating for cardiovascular and ischemic heart disease mortality, with an 
estimated 250,000 excess deaths each year in the U.S.170 
 
Children 
There is no safe level of blood lead in children.3 Extremely high lead exposure in children 
can lead to convulsions, blindness, and death.18 Lead adversely impacts every organ system, but 
the most robust evidence for effects in children is that of its neurotoxicity.14,166 Lead levels <5 
µg/dL in children are associated with adverse neurological outcomes, such as reduced IQ scores 
and lower test scores in childhood, as well as increased risk for attention deficit/hyperactivity 
disorder and behavioral problems.14,166 
A 2007 study of North Carolina children found that children’s BLLs as low as 2 µg/dL 
were inversely related to 4th grade end of grade mathematics and reading achievement test 
scores.109 The well-documented inverse association between children’s BLLs and IQ 
(intelligence quotient) scores is not linear; the slope for this association is much steeper for 
children with maximal BLLs <7.5 µg/dL or <10 µg/dL than for children with higher maximal 
BLLs.171-173 For example, an increase in childhood blood lead from 2.4 to 10 µg/dL is related to 




to 20 µg/dL.172 An increase in BLL from <1 µg/dL to10 µg/dL is associated with a 6.2-7.4 point 
reduction in IQ points.172 
 
2.8 Lead screening, testing, and prediction modeling 
Lead screening usually refers to the administration of a lead hazard questionnaire to 
determine whether a child is at risk of exposure, while lead testing usually refers to the 
measurement of lead in a child’s capillary or venous blood.6 The CDC began recommending 
broad lead testing of asymptomatic children as early as 1978, when “elevated blood lead” was 
first defined as ≥30 µg/dL.174 In 1997, the CDC updated its recommendations to advise targeted 
screening procedures to test children at high risk for lead exposure, and to recommend that state 
and local agencies implement their own data-driven lead screening practices.175 The “Basic 
Targeted-Screening Recommendation” included identifying zip codes with ≥27% of homes built 
before 1950, determining if children received services from public assistance programs, and 
querying parents about their children’s potential exposure to older housing or renovations. 
Given limited resources and the CDC recommendations, there have been efforts to 
identify children at risk for high lead exposure in order to target screening programs and testing. 
Several research groups have evaluated whether individual characteristics, answers to 
questionnaires, or community-level characteristics can effectively predict children’s lead 
levels.68-70,74,75,176 A systematic review of evaluations of the sensitivity and specificity of the 
CDC lead screening questions found that, overall, these questions were generally ineffective at 
predicting children with high blood lead.177 
Other predictive models are both imperfect and highly varied. Regression models 




of the variability in BLLs unexplained by models that included important known determinants of 
lead exposure, such as housing age and SES indicators. In an Illinois study, 3.5% of children 
living in zip codes identified as “low risk” for lead exposure still had blood lead ≥10 µg/dL.178 
Even models of similar locations with the same variables as input can produce different results. 
Bailey et al. (1998) compared census tract level predictors of BLLs in two similar industrial 
counties in Massachusetts and Rhode Island.73 Despite similarities in demographics and history, 
strong predictors of BLLs in the model for one county (e.g., percent owner-occupied housing of 
tracts in one county, percent Latino of census tracts in another) did not predict lead exposure in 
the model for the other. Previous research in the same region by this group concluded that 
stronger lead abatement regulations in Massachusetts may have contributed to lower lead levels 
compared to Rhode Island.70 
Similarly, a study of two health care organizations serving the same metropolitan area, 
LaCrosse, Wisconsin, found that the differences in BLLs between the two clinics could not be 
explained by demographic factors or responses to CDC screening questions.179 At one clinic, old 
housing, peeling paint, insurance method, and home address were all associated with a higher 
prevalence of children with elevated blood lead. At the other, only questions about old housing 
and peeling paint were associated with the prevalence of elevated BLLs. The authors concluded 
that screening questionnaires should be tailored to community-specific risks to best identify 
children exposed to lead.179 
There is mixed evidence as to whether lead screening questions, which often determine 
whether a child is ultimately tested for lead, effectively predict whether children will have 
elevated blood lead. When elevated blood lead is defined as ≥10 µg/dl, many screening 




this outcome.178,180 However, despite strong associations between living in older housing and 
children’s lead exposure, screening questions on this topic are, at best, only moderately sensitive 
and specific, with very poor positive predictive values.178,180,181 
One underappreciated source of variability in these predictive models is itself the “testing 
rate,” or the proportion of children tested for lead in a given area. In studies of children in Rhode 
Island, Massachusetts, and New York in the early 1990s, the testing rate of a neighborhood was 
positively associated with the lead levels of the children living there.68,70,71 On its own, testing 
rate predicted 36% of the variability in the percentage of children in each census tract with 
elevated blood lead in a model of 136 census tracts in Rhode Island in 1992-1993.71 That is, 
areas where more children had high lead exposure were also more likely to have high rates of 
lead testing. This relationship between the outcome itself (elevated blood lead level) and whether 
or not the outcome is observed (blood lead testing) suggests that associations in predictive 
models of children’s blood lead levels can be strongly affected by a form of selection bias.7,182-184 
As not all children are tested for lead, predictive models that are developed based on this non-
random sample of tested children may not be valid in the total population of tested and untested 
children. 
Whether or not a child is tested for lead is dependent on a number of factors, including  
where they live, their insurance status, and their physicians’ knowledge. Among 54 different 
guidance sources used by state and county health departments for lead testing and management, 
only a third recommended universal lead testing, with the remainder recommending targeted 
testing.185 Moreover, most states only recommend, rather than require, testing for lead.186 The 
Centers for Medicaid and Medicare Services (CMS) mandates that all children on Medicaid be 




have not previously been tested must receive a test as well.187 However, 35-60% of children on 
Medicaid are not tested for lead.188-190 
There is also individual variability in lead testing practices among pediatricians and other 
clinicians. In the early 1990s, Campbell et al (1996) surveyed a random sample of pediatricians 
who were members of the American Academy of Pediatrics (AAP) about their lead screening 
and testing practices.191 Of the 734 primary care pediatricians who responded, only 53% tested 
all children 9-36 months for lead, while an additional 39% tested selectively, and the remaining 
8% did not test their patients for lead. Pediatricians who tested their children for lead were more 
likely to have attended medical school within the past 10 years, serve an urban population, 
believe that state laws required screening, believe that insurers covered screening costs, reported 
that BLLs ≥10 µg/dL were common in their practice, and believed that the benefits of testing 
outweighed the costs.191 
A similar study of AAP pediatricians in the San Francisco Bay Area surveyed in 1993 
reported that only 27% universally screened their patients for lead, 10% did not test their patients 
for lead at all.192 More than half of the pediatricians did not know the contemporary CDC 
guidelines for lead testing. Pediatricians with more recent medical school training, working in 
academic, public or community clinic settings, or with higher proportions of MediCal or county-
funded patients were more likely to test their patients for lead. The study authors concluded that 
screening was a function of both physicians’ knowledge and financial incentives.192 
More recently in Vermont, where the state health department recommends universal lead 
testing, while 85% of physicians reported routine lead screening for 12 month-olds, only 51% 
reported routine screening for 24 month-olds.193 In this study, believing that negative health 




odds of being among the lower 50% of lead screening practices. Female physicians and those 
with 40% or more of their patients on Medicaid were both also strongly associated with 
increased odds of being in the upper 50% of lead screening practices. Interestingly, physicians 
who reported that they were not adequately reimbursed for lead testing were only slightly (not 
statistically significantly) less likely to test their patients than (the minority of) physicians who 
believed they were adequately reimbursed.193 
In addition to the variable utility of risk prediction models and inconsistency with which 
health practitioners test children for lead, the level at which lead exposure is considered “high” is 
somewhat arbitrary – there are adverse effects of lead exposure even below the recently-lowered 
“level of concern” of 5 µg/dl – and may not decrease lead-related health outcomes for the vast 
majority of exposed children in the U.S. More than 50% of children under 6 years in the U.S., or 
more than 12 million children, are estimated to have a BLL >1 µg/dL.194,195 As the American 
Academy of Pediatrics Council on Environmental Health pointed out in its 2016 policy 
statement, “Prevention of Childhood Lead Toxicity”: 
“Focusing efforts on children who have blood lead concentrations ≥5 µg/dL (≥50 ppb) is 
efficient but will fail to preserve the majority of lost IQ points in US children… if the 
focus is only on reducing exposures for children who have a blood lead concentration ≥5 
µg/dL (≥50 ppb), we will fail to preserve more than 20 million (>80% of total) of the 23 
million IQ points lost among US children with lower lead exposure because there are so 
many more children who have low to moderate blood lead concentrations.”6 
 
Moreover, lead surveillance systems identify children already exposed and potentially 
already harmed by their exposure. Once a child is identified as lead-exposed, it may be too late. 
Hand-to-mouth behavior that drives exposure at young ages decreases as a child ages, so 
abatement interventions may be too little, too late.196 Two-year-olds tend to have higher BLLs 




children in Michigan identified from routine surveillance as having elevated blood lead (≥10 
µg/dL) never received follow up testing.197 
It is thus unsurprising that there continue to be calls for a greater emphasis on preventing 
lead exposure – identifying and removing sources of lead – rather than relying on screening to 
identify lead hazards after children are already exposed.31,198-200 Research to identify and remove 
or reduce sources of lead exposure at both the individual and community level is of the utmost 
importance. 
 
2.9 Lead in North Carolina 
There is a long history of take-home lead exposure in North Carolina. One of the first 
documented incidents in the U.S. of a child being exposed to lead as a result of their parent’s 
occupational exposure occurred in North Carolina in 1977.201 The children of workers at a lead-
acid battery manufacturing facility were tested for lead after a female employee was diagnosed 
with “lead intoxication” and her three children were found to have “elevated blood lead levels” 
(the authors defined “low level lead exposure” as ranging from 30-60 µg/dL). Forty of the 58 of 
the children tested had BLLs ≥30 µg/dL, and home investigations of the six families with at least 
one child with blood lead ≥40 µg/dL found no other potential sources of lead exposure.  
Adults’ workplace lead exposure remains a problem for both adults and children in North 
Carolina. In 2017, 617 non-pregnant adults in North Carolina had a blood lead test ≥10 µg/dL; 
41 of these were ≥40 µg/dL. 85% of those with BLLs ≥25µg/dL were occupationally exposed to 
lead.12 Seventy three percent of occupational lead exposure in North Carolina occurs in Forsyth 
County, which contains only 3.6% of the state’s adult population.13 In 2016, routine children’s 




employed by a lead oxide manufacturing facility in Forsyth County.202 The ensuing investigation 
found that 70% of the 77 workers at this facility had at least one blood lead test ≥20 µg/dL 
during 2012-2016, and 5 of 17 associated children had BLLs ≥5 µg/dL, attributable to take-home 
exposure.202 
Today, children’s lead exposure and blood lead levels are an important public health 
concern, but vary greatly regionally in North Carolina. While 1.3% of children tested for lead in 
North Carolina in 2017 had elevated blood lead (≥5 µg/dL), the prevalence of elevated blood 
lead ranged from fewer than 4 to up to 18 cases per 1,000 children, depending on the 
county.203,204 Moreover, data on the distribution of lead exposure in children are imperfect. Only 
approximately 50% of children ages 1 and 2 years are tested for lead in North Carolina.203 
Historically, the children tested for lead in North Carolina were disproportionately Black and 
residents of rural counties compared to the state population.158 Children tested for lead are a non-
random sample and may be dissimilar from those who are not tested. Screening questionnaires, 
though not universally used, can reinforce this biased sampling. If, for example, children who 
live in older housing are more likely to be tested for lead as a result of answers to screening 
questionnaires, relative to children who are exposed to other lead hazards not represented on 
screening questionnaires, the importance of other lead hazards may be overlooked.  
Previous research in North Carolina has identified individual and neighborhood-level 
predictors of elevated blood lead in children.108,158,159 Historically, of those tested, Black children 
and (independent of race) children living in rural areas were more likely to have elevated BLLs 
than white children and children living in urban locations, respectively.158 Somewhat more 
recently, researchers from Duke University found that children’s risk of elevated blood lead 




or Hispanic populations or populations receiving public assistance, warmer seasons of testing 
(particularly summer and fall), decreasing household median income, and increasing age of 
housing.108,159 
These findings are valuable in that they can be used to inform targeted lead testing of 
children living in “high risk” areas. However, they are limited by a number of factors. First, the 
predictive models developed by Kim et al. and Miranda et al. used lead testing data from only 6-
18 of North Carolina’s 100 counties, and may be out of date, as the most recent year of data was 
from 2003.108,159 Moreover, there are a number of important potential sources of lead exposure in 
North Carolina that were not addressed by these models, including drinking water, soil 
contamination, and occupational take-home lead exposure. Given North Carolina’s history of 
disproportionately siting toxic waste facilities in lower income, communities of color,205-207 it is 
not improbable that, without properly accounting for these additional potential sources of lead 
exposure, the predictive value of the racial and socioeconomic makeup of a neighborhood may 
reflect that neighborhood’s proximity to sources of environmental lead. 
 
2.10 Significance 
Prior research related to children’s lead exposure in North Carolina and elsewhere in the 
United States has been limited by two major factors.  
First is the non-random sample of children tested for lead. Little is known about whether 
selection on testing for lead systematically biases results of predictive and causal analyses. Only 
50% of children in the state are tested for lead, and it is unclear whether these children differ 
from those who are not tested for lead. These differences may result in erroneous conclusions 




studies that attempt to use observed children’s blood lead levels to predict future children’s blood 
lead levels are restricted to a sample of children that have been tested for lead. Children who are 
never tested for lead are missing the key outcome – blood lead level – and are therefore not 
selected into these studies. Because the predictors of lead testing are not well understood, the 
structure of this missing data, and the potential for selection bias by conditioning on children 
with lead testing results, is not known. Consider the following simplified directed acyclic graph 
(Figure 2.1). There are two potential sources of lead exposure, E1 and E2, that impact a child’s 
blood lead level. E1 is directly related to a child’s likelihood of lead testing. E2 is neither directly 
related to E1 nor to a child’s likelihood of lead testing. However, there is an unknown variable, 
U, which affects both E2 and lead testing.  
 
 
Figure 2.1. Hypothetical directed acyclic graphs of the causal relationships between two 
sources of lead exposure (E1, E2) an unknown variable (U), receiving a blood lead test, and 
the outcome of blood lead level. 
 
Restricting to children tested for lead requires conditioning on a collider variable, which 
opens a backdoor path between E1 and BLL through U and E2 and induces a biased association 
between E1 and blood lead level.7 In reality, the relationships among sources of lead exposure, 
children’s lead testing, and children’s blood lead levels are far more complex than the simple 




could bias associations between sources of lead exposure and children’s blood lead levels and 
ultimately impact public health policy.  
The second major limiting factor is the inadequate accounting for environmental sources 
of lead exposure in North Carolina. In other states, proximity to a lead-emitting industrial facility 
is associated with children’s BLLs. Workers at many of these facilities are monitored for lead 
exposure, and workplace lead at such sites in Forsyth County is a documented source of lead 
exposure for both employees and their families. It is unknown whether exposure may also 
spillover into surrounding neighborhoods and impact the BLLs of local children. 
With lead, prevention of exposure is of the utmost importance. Individual actions can do 
little to prevent environmental lead exposure coming from an active industrial facility. Moreover, 
such action requires knowing that there is a local threat. A study of Chicago suburban families 
found that 10% of parents did not answer a CDC screening question asking if they lived “near a 
lead smelter, battery recycling plant, or other industry likely to release lead,” likely because they 
did not know.178 Identification of industrial sources of environmental lead contamination could 
ultimately lead to the eventual reduction and elimination of such exposure.  
Eliminating lead exposure for children today could have broad and long-lasting impacts. 
First, lead is stored in the body like calcium, and lead accumulated in the body during childhood 
recirculates during pregnancy.208 Lead can be transferred from a pregnant woman to her fetus in 
utero or from a woman to an infant via contaminated breast milk.209-211 A study in Durham 
County, North Carolina in 2005-2008 examined individual and community-level predictors of 
BLLs in pregnant women and concluded that maternal BLLs were related more to remobilization 
from historic exposures rather than from current exposures.212 While there is limited research 




reported that all 211 pregnant participants had blood lead measured above the limit of detection 
(0.13 µg/dL), though only two had levels >5.0 µg/dL.213 Eliminating exposure in today’s 
children will prevent exposure to their offspring in the future. Moreover, sources of lead 
exposure for children are also sources of exposure for adults, including pregnant women. A study 
of pregnant women in Durham, North Carolina found that soil lead levels were moderately 
correlated with maternal prenatal BLLs.214 
Lead testing in the U.S. has recently been focused on identifying children at the highest 
risk of the highest levels of exposure. Rose (1985) famously discussed disadvantages of such a 
“high-risk” strategy.215 There is no safe level of lead, and the steepest adverse effects of exposure 
occur at the lowest levels. The vast majority of children adversely affected by lead exposure will 
not be identified using this strategy. “Population strategies,” such as de-leading gasoline and 
paint, have been effective in lowering lead exposure in U.S. children and adults. Reduction and 
prevention of lead exposure at a population level, whether through mandatory residential lead 
abatement programs or near-zero industrial environmental release of lead, can have a great 
impact on the long-term health of the population. 
This project built on previous research to address children’s lead exposure research gaps 
in North Carolina. By leveraging the linkage of administrative and publicly available data, I 
evaluated variability and predictors of lead screening testing throughout the state and examined 
the effects of industrial point sources of environmental lead on children’s lead exposure in 





CHAPTER 3: MATERIALS AND METHODOLOGY 
This chapter provides an overview of the data and methodology that were used in this 
dissertation. In brief, North Carolina birth certificates from 2011-2017 were geocoded and linked 
to North Carolina children’s blood lead tests from 2011-2018. These data were spatially linked to 
2010 U.S. Census data, major roadways from the North Carolina Department of Transportation, 
water system service areas from the North Carolina Center for Geographic Information and 
Analysis, and sources of environmental lead from the Environmental Protection Agency.  
In my first Aim, I evaluate predictors of children’s lead testing to describe and address 
potential biases incurred from relying on a non-random sample of the population. I used these 
predictors to create inverse probability of missingness weights, which were then applied to 
predictive models of children’s blood lead levels.  
In my second Aim, I examine how individuals and neighborhoods in close proximity to 
industrial sites of environmental lead releases differ from those further away in Forsyth County, 
the location of several sites with problematic occupational lead exposure. Finally, I evaluate 
whether residential proximity to these sites was associated with children’s blood lead levels. 
 
3.1 Study setting: lead in North Carolina 
North Carolina is an important setting in which to study lead exposure because of its long 
history of occupational lead exposure incidents,201,202 recent adult and children’s lead exposure 




health of children, workers, and pregnant women. There are 10.5 million people living in North 
Carolina, a third of whom live in rural areas. The state’s population is predominantly non-
Hispanic white (65%), followed by non-Hispanic black or African American (21%), with about 
9% identifying as Hispanic or Latino. Fifteen percent of individuals in North Carolina live in 
poverty, and 13% of people under 65 years are without health insurance.13,216 
Forsyth County, the setting for the second aim of this dissertation, is located in the 
middle of the state, east of the cities of Raleigh and Greensboro and north of Charlotte. The 
county has a population of about 370,000 people. Only 7% of the population is rural, and two-
thirds of the people in Forsyth County live in Winston-Salem, the state’s fifth most populous 
city. While the county as a whole has a similar demographic makeup to the rest of the state, 
Winston-Salem is more racially diverse, with over a third of the population black or African 
American and 15% Hispanic or Latino.13,216 Moreover, Winston-Salem was subject to redlining 
in the 1930s. This federal policy was not a new concept for this city; its officials had identified 
Black neighborhoods in a city planning map in 1920 and proposed new development for parks, 
utilities, and neighborhoods away from these communities.217 In the 1950s and 60s, city officials 
engaged in “urban renewal” activities, which resulted in the destruction of robust Black 
communities and physically racially segregated the city (and county) with the construction of US 
Highway 52.217 Today, Forsyth County and Winston-Salem are among the most racially and 
economically segregated and least economically mobile areas in the country, with among the 





3.2 Study population: North Carolina live births 
A live birth cohort was defined using birth certificates provided by the North Carolina 
State Center for Health Statistics, which stores the vital records data of residents in the state. 
846,719 live born infants received birth certificates from the state of North Carolina from 
January 1, 2011 through December 31, 2017. Access to birth certificates was facilitated by a data 
use agreement with the North Carolina State Center for Health Statistics, approved by the UNC 
Institutional Review Board.  
 
Geocoding of maternal residence  
Address information provided on the birth certificate was used to determine location of 
residence at birth. By default, the address provided on North Carolina birth certificates is the 
mother’s or birthing person’s mailing address. For 42,108 birth certificates (5%), a dummy 
variable indicated that the mailing address was not the residential address, and a residential street 
address, city of residence, county of residence and state of residence were recorded. For 21,058 
(2.5%) of birth certificates, the state of residence was either not North Carolina or could not be 
determined from the address information recorded. They were subsequently excluded from the 
dataset, leaving a cohort of 825,674 births to North Carolina residents during this time period.  
The residential addresses were geocoded using the Geocode Addresses tool within 
ArcMap, using Esri Business Analyst 2017 Address Locator (StreetMap Premium for ArcGIS 
North America HERE 2016 Release). The output of this process includes a type of address 
geocoded (with “address point” being the most spatially accurate) and match score ranging from 
0 (least accurate) to 100 (perfect match). Addresses geocoded to address points (n=610,406, 




score, and those geocoded to a street name (the next most spatially accurate type) with a score of 
100 (n=6,149, 0.7%) were considered successfully geocoded, for a total of 807,480 (97.8%) 
geocoded births. 
 
Aim 1 cohort definition 
The target population for Aim 1 of this dissertation was all infants of mothers residing in 
North Carolina born live from January 1, 2011 to July 1, 2016. The final study cohort for Aim 1 
was all infants born live and receiving a birth certificate in North Carolina, to mothers residing in 
North Carolina, for whom residential address could be geocoded (n=633,159; Figure 3.1). 
 
Aim 2 cohort definition 
The target population for Aim 2 of this dissertation was all infants of mothers residing in 
Forsyth County, North Carolina born live during the years 2011-2017. The final study cohort for 
Aim 2 was all infants born live and receiving a birth certificate in North Carolina, to mothers 
residing in Forsyth County, North Carolina, for whom residential address could be geocoded 





Figure 3.1. Study population. 
 
3.3 Industrial sources of environmental lead 
Industrial sources of environmental lead were identified using programs operated by the 
U.S. Environmental Protection Agency (EPA), publicly available for download on the EPA 
website. 
 
Toxics Release Inventory 
The Toxics Release Inventory (TRI), established under Section 313 of the Emergency 
Planning and Community Right-to-Know Act of 1986, is a mandatory program that requires 
industrial facilities employing ≥10 full time employees to report environmental releases of toxic 
chemicals.221 These reports are publicly available and released annually.  
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I downloaded all TRI reports for facilities reporting releases of lead or lead compound in 
North Carolina and neighboring states (Georgia, South Carolina, Tennessee, and Virginia) from 
the Envirofacts database online (n=21,031 reports).222 Each report included location and some 
descriptive information about the facility, including latitude, longitude, facility name, industry 
codes, as well as categorizations of release location (on site, off site) and type (water, land, air, 
underground injection). I geocoded the facilities using the coordinates provided in the reports 
and restricted to those from facilities in North Carolina or within 5 miles of the border and 
reporting > 0 lbs. lead or lead compounds released (n=4,604). These reports were affiliated with 
a total of 608 sites. 
 
National Emissions Inventory 
The National Emissions Inventory (NEI) is an estimate of air pollutants regulated by the 
EPA under the Air Emissions Reporting Rules (AERR) created in December 2008.223 It includes 
estimates of emissions from stationary point sources, such as airports, industrial facilities, and 
power plants.224 The AERR require states to report emissions of carbon monoxide, particulate 
matter, nitrogen oxides, sulfur dioxide, ammonia, volatile organic compounds, and lead and lead 
compounds from all sources. At the level of an individual facility, if the reporting threshold is 
met for any one pollutant, actual emissions of all pollutants must be reported. The reporting 
threshold for lead was originally 5 tons/year based on “potential to emit” but was lowered in 
2015 to 0.5 tons/year of actual emissions.223 The NEI is released every three years, with the most 
recent releases in 2008, 2011, 2014, and 2017. In 2014, over 15.6 tons of airborne lead was 
emitted from National Emissions Inventory (NEI) facilities in North Carolina, 75% of which was 




I downloaded all release reports and facility information from sites in North Carolina and 
in bordering states (Georgia, South Carolina, Tennessee, and Virginia) that included releases of 
lead in 2008-2017 (n=13,340 reports) from the NEI website.225 I geocoded the facilities using the 
coordinates provided in the facility information and restricted to those from facilities in North 
Carolina or within 5 miles of the border and reporting > 0 lbs. lead emitted (n=4,246). 
 
Assessment of exposure to TRI and NEI sites 
I spatially linked the TRI and NEI facilities and their associated reports to geocoded birth 
certificates in ArcMap. In order to preserve temporality of exposure prior to outcome, I restricted 
reports linked to births to those for the year of birth or earlier. Since lead is extremely 
environmentally stable in soil, releases from decades prior can still contribute to today’s soil lead 
content.11 For the main analyses in both Aims 1 and 2, I focused on releases and emissions 
reported in the five years prior to (and including) the year of birth. In sensitivity analyses, I 
expanded exposure definitions to include releases and emissions at any time prior to and 
including the year of birth (beginning in 1987 for TRI sites and 2008 for NEI sites). I also 
reduced exposure definitions to include only releases and emissions in the one year prior to and 
the year of birth.  
For my first Aim, which covered the entire state of North Carolina, I categorized distance 
between geocoded births and linked sites using three levels: 0-1 km, 1-2 km, and >2 km 
(reference, or “unexposed”). Because of the wide variability in reported levels of lead released or 
emitted since the inceptions of the TRI and NEI programs, I further categorized reports into 
“high” and “low” levels based on the median reported release during each time period of interest. 




and including the year of birth). All TRI lead and lead compound releases and NEI lead 
emissions during this time period were evaluated; facilities with releases or emissions above the 
median were categorized as “high” polluters, and those at or below the median were categorized 
as “low” polluters. This categorization was repeated for each birth year and associated exposure 
period. In primary analyses, children were assigned the value of the highest releasing TRI site 
and highest emitting NEI site during the exposure period at 0-1 km and 1-2 km from their 
geocoded residence at birth.   
For my second Aim, which focused on Forsyth County, NC, I restricted to facilities 
which had ever reported ³1 pound of lead released on-site (TRI) or emitted (NEI) in a single 
year were included. This resulted in 20 sites in or within 2 km of Forsyth County, five of which 
had filed reports under both the TRI and NEI systems. The primary definition of exposure to 
industrial sites of lead pollution for this aim was the presence of at least one of these TRI or NEI 
sites within 2 km of the geocoded residential address at birth AND reporting ³1 pound of lead 
released on-site (TRI) or emitted (NEI) at least one time in the five years prior to and including 
the year of birth on the birth certificate. I categorized distance using three levels: 0-1 km, 1-2 km, 
and >2 km (reference, or “unexposed”).  
 
3.4 Study outcomes: children’s blood lead tests and levels 
Primary outcomes in each aim of this dissertation were defined using information from 
the North Carolina Childhood Lead Poisoning Prevention Program (NCCLPPP), which collects 
the results of all blood lead tests conducted in children under 6 years in North Carolina. The 
reports of these results include demographic characteristics of the child, location of residence, 




results was facilitated by a data use agreement with the Division of Public Health in the North 
Carolina Department of Health and Human Services, approved by the Institutional Review Board 
at the University of North Carolina.  
Although the North Carolina Department of Health and Human Services has historically 
offered home investigations for children with blood lead ≥10 µg/dL, CDC funding of the 
NCCLPPP discontinued in 2013 and was not regained until end of 2014, resulting in fewer 
investigations 2013-2015.203 During the period January 2011 - January 2018, home 
investigations occurred at 983 properties in North Carolina.203 Forsyth County supplements 
home investigations offered by NC DHHS and offers investigations for children with BLLs ≥5 
µg/dL.  
Results of blood lead tests are reported in micrograms per deciliter. Prior to July 1, 2017, 
all results reported with decimal places were rounded to the nearest integer. On or after July 1, 
2017, all results reported with decimal places were truncated (rounded down) to the integer. 
NCCLPP normalized results below the limit of detection to 1 µg/dL. Laboratory and point of 
care instruments used to measure children’s BLLs vary in their limits of detection.26,164 Only one 
instrument, the LeadCare® II device, is approved for use in non-laboratory (point of care) 
settings, and has a detection limit of 3.3 µg/dL. Results <3.3 µg/dL from this instrument may be 
reported as 1 µg/dL, per CDC policies, while a result of 3.3 µg/dL may be rounded to 3 µg/dL. 
Thus, available blood lead test results are available only as integers, and a range of true low 
blood lead levels <3.3 may be reported as 1 µg/dL.  
Although surveillance systems rely on measuring lead in whole blood in units of 
microgram per deciliter (µg/dL), all other metals are typically measured in units of microgram 




unit of measurement for environmental toxins. One µg/dL seems to imply a low level of 
exposure because it is close to zero. However, 1 µg/dL of blood lead is still likely 10 to 100-
times the level at which our pre-industrial ancestors were exposed.226  
For children linked to multiple screening records for the same risk period, I used the 
highest blood lead level for that time period, consistent with previous similar research.68,75,108,159 
 
3.4.1 Aim 1 outcomes 
In Aim 1, there were two primary blood lead testing outcomes: 
 
a) Receipt of lead testing at <30 months of age, binary 
b) Blood lead level ³3 ug/dL at <30 months of age, categorized as yes (at least one test 
result ³3 ug/dL) or no (all test results for that child <3 ug/dL, reference) 
 
3.4.1 Aim 2 outcomes 
In Aim 2, the primary blood lead testing outcome was: 
 
a) Blood lead level ³3 ug/dL at any age, categorized as yes (at least one test result ³3 
ug/dL) or no (all test results for that child <3 ug/dL, reference) 
 
3.5 Additional covariate data sources and measurement 
Birth certificate covariates 
I used the following maternal demographic and clinical characteristics reported on birth 




birth (<37 completed weeks gestation), plurality, number of prior pregnancies, number of prior 
live births still living (used as a proxy for older children), method of delivery (vaginal or 
caesarean), maternal age at delivery, maternal highest education completed, maternal marital 
status (married or unmarried), maternal race, maternal Hispanic ethnicity, maternal place of 
birth, maternal reported number of prenatal care visits, maternal weight gain during pregnancy, 
maternal self-reported smoking during and prior to pregnancy, maternal diabetes during and 
prior to pregnancy, primary form of payment (e.g. private insurance, Medicaid), and maternal 
receipt of Special Supplemental Nutrition Program for Women, Infants, and Children (WIC) 
benefits during pregnancy.  
During the period 2011-2017, the North Carolina birth certificate classified maternal race 
using the following categories: white, Black or African American, American Indian or Alaska 
Native, Asian Indian, Chinese, Filipino, Japanese, Korean, Vietnamese, other Asian, Native 
Hawaiian, Guamanian or Chamorro, Samoan, other Pacific Islander, or other. I chose to collapse 
Asian Indian, Chinese, Filipino, Japanese, Korean, Vietnamese, other Asian, Native Hawaiian, 
Guamanian or Chamorro, Samoan, and other Pacific Islander into a single Asian and Pacific 
Islander category due to small numbers. Of note, it is unknown whether maternal race on each 
birth certificate is self-reported or reported by a family member or clinician present at delivery. 
As race is a social construct, I use it not as a biologic or etiologic factor but rather as a proxy for 
differences between racial groups arising from historical and structural racism.160,227,228 
 
Lead test covariates 
In addition to the value of the blood lead test result, other information in the lead test 




specimen collection, an indicator variable for whether the child was ever covered by Medicaid, 
child race, child Hispanic ethnicity, a variable for whether the blood draw was venous or 
capillary blood, and an indicator whether a point of care analyzer (such as the LeadCare device) 
was used or if not, the laboratory which analyzed the blood specimen. I categorized the season of 
the blood lead sample into spring (March, April, May), summer (June, July, August), fall 
(September, October, November), and winter (referent; December, January, February) per prior 
research.80,108 I also calculated the age of the child at the time of the lead test result based on the 
date of birth recorded on the birth certificate.  
For 225 lead tests, the date of the test recorded was on (n=175) or before (n=50) the date 
of birth recorded on the linked birth certificate. The date of birth on the linked birth certificate 
matched the date of birth recorded on the lead test for all of these tests. Because infants are not 
regularly tested for lead the day they are born, the recorded date was assumed to be incorrectly 
entered due to a clerical error. Because the actual date of test was considered unknown, these 
tests were not included in determining the highest blood lead level result that a child had 
received during specific age ranges.  
 
U.S. Census  
A number of analyses have shown associations between neighborhood measures of 
socioeconomics and/or population demographics and children’s BLLs, though the geographic 
level of analysis varied. In North Carolina, researchers examined whether percentages of the 
Census block that were African American, Hispanic, single parent, renter-occupied, or receiving 
public assistance; percent of children in poverty in the Census block group; or median income 




with this prior research, tract- and block group-level variables from the 2010 U.S. Census and 
2006-2010 5-year American Community Survey (ACS) were evaluated as potential predictors of 
children’s lead testing and BLLs. I chose to use 2010 Census and ACS data so as to preserve 
temporality of predictive variables prior to the outcome of lead testing. 
Geocoded addresses from birth certificates were assigned the values of the block groups 
and tracts they were contained within, which included the following measures: population size; 
% population <5 years; population density per square mile; % population urban; % population 
Black/African American alone; not Hispanic or Latino; % population white alone, not Hispanic 
or Latino; % population Asian alone, not Hispanic or Latino; % population American Indian or 
Alaska Native alone, not Hispanic or Latino; % population Hispanic or Latino, any race; % 
population born in North Carolina; % population foreign-born; % population <high school 
education; % families single parent; % families in poverty; % children in poverty; % population  
<100% poverty to income ratio; % population  <200% of income to poverty level; % households 
earning <$20,000 annually; % households earning >$100,000 annually; % households receiving 
public assistance; median household income (2010 dollars); median value of owner-occupied 
housing units; % housing vacant; % housing renter-occupied, % housing built before 1950, % 
housing built before 1940. 
 
Water system service areas 
In North Carolina, as in other states, residents may be exposed to lead from drinking 
water, both from private well water and from the addition of chloramines in municipal drinking 
water systems.80,229-231 Three and a half million residents in North Carolina, or 35% of the state, 




tested for contaminants. The data on lead levels in private wells are thus very limited. Three 
percent of wells tested in the state between 1998 and 2010 exceeded the EPA Treatment 
Technique guideline for lead (15 µg/dL).229 However, lead was not detectable in the 41 water 
samples collected in Durham, North Carolina in 2009-2011 as part of a small pregnancy study.214 
It is therefore potentially important to be able to distinguish whether families are using well 
water or municipal water.  
The North Carolina Center for Geographic Information and Analysis created a publicly 
available, downloadable statewide GIS data file of the service areas of public water systems.232 
These data were collected in a survey conducted in 2004, and include planned expansion of 
service areas expected to be complete by 2010. Only one polygon (“Nash County 1 & 2”) from 
the 2004 boundaries was not included in the area of the projected 2010 boundaries. This polygon 
was merged with the projected 2010 boundaries polygons, which were spatially linked to the 
residential addresses on birth certificates. Births were assigned a water system to which they 
were linked, categorized by the 2010 projected population size served using Safe Drinking Water 
Act233 cutoffs: large (>50,000 people), medium (10,001-50,000 people), small (3301-10,000 
people), very small (≤3300 people), or not served by a public water system.  
 
Major roadways 
I linked birth certificates to major roadways in North Carolina, defined as interstates or 
principal arterials, using publicly available shapefiles from the North Carolina Department of 
Transportation.234 In sensitivity analyses, roadways built in the year 2000 or later were excluded, 




unlikely source of residual lead exposure. I assigned births indicator variables for whether they 
were within 100 meters of a major roadway.  
 
Redlining 
In my second Aim, I additionally examined how neighborhood definitions in the past 
might related to lead exposures and blood lead levels in the present. A potential source of the 
disproportionate burden of environmental hazards on Black and low income communities is the 
structurally racist practice now known as “redlining.” During the Great Depression, the federal 
Home Owners Lending Corporation (HOLC) created color-coded maps in many cities to guide 
lending and real estate investment.235 The “best” neighborhoods at lowest risk for foreclosure, 
shaded in green, were predominantly white and affluent. Neighborhoods with greater Black 
populations or with “threat of infiltration” by non-white populations were shaded in red and 
marked as “hazardous” for investment.236 Although redlining was outlawed in the 1960s, its 
effects are still felt today.235,237 Winston-Salem, the fifth largest city in North Carolina and home 
to two thirds of the population of Forsyth County, was subject to redlining in the 1930s. 
Shapefiles of the boundaries of Winston-Salem neighborhoods that were assigned HOLC grades 
in 1937 were downloaded from the Mapping Inequality website.236 Geocoded births were 
assigned the neighborhood with which they spatially overlapped. However, these neighborhoods 
do not cover the entirety of Winston-Salem’s boundaries today, so these data were used only in 





3.6 Data linkage 
Geocoded maternal residential addresses from the birth certificates were spatially linked 
using ArcMap 10.7 to several layers of geographic data: 1) 2010 U.S. Census tracts and block 
groups; 2) North Carolina public water system service areas; 3) major North Carolina roadways; 
4) locations of TRI and NEI sites; and 5) 1937 HOLC neighborhoods in Winston-Salem, NC.  
The results of children’s blood lead tests conducted in North Carolina in 2011-2018 were 
linked to this geocoded birth certificate cohort by using deterministic matching of components 
included in both datasets: child’s first/middle/last name, date of birth, and address information. 
Prior to linkage, all spaces and special characters were removed from name variables. I used the 
SOUNDEX, COMPGED, and SPEDIS functions in SAS to allow for fuzzy name matches. At 
every step, 50 linked pairs were randomly selected to manually evaluate the quality of the 
linkage. This process is described in detail in Appendix I.  
 
3.7 Statistical methods 
The distributions of the exposures, outcomes, and covariates were examined in univariate 
for range, missingness, and plausibility of values. Associations between exposures, covariates, 
and outcome variables were examined in bivariate regression models. Cutoffs for dichotomized 
and categorized variables were selected to maintain interpretability, model fit, and model 





3.7.1 Aim 1 methods 
Aim 1 addressed predictors of children’s blood lead testing and levels in North Carolina 
in the years 2011-2018. There were two binary outcomes or primary interest for this aim: 
receiving a blood lead screening test and blood lead level.  
 
Predictors of receiving a blood lead screening test 
After linking lead test results to birth certificates, I reported the prevalence of the 
following outcomes: 1) receiving a blood lead test at any age, 2) receiving at least one blood lead 
screening test by 30 months of age, 3) receiving a blood lead screening test at both age 1 year (6-
18 months) and age 2 years (18-30 months). I compared the distributions of individual and 
neighborhood-level characteristics between children linked to a blood lead screening test at <30 
months and those who were not linked to a blood lead screening test result. I then assessed the 
probability of receiving at least one blood lead screening test at <30 months of age, conditional 
on characteristics at birth, using logistic regression models. I estimated the association between 
each potential covariate (Table 3.1) and the probability of receiving a blood lead screening test at 
<30 months of age. I added covariates significant in bivariate models at α<0.20 one at a time to a 
multi-predictor logistic model in descending order of beta estimate. I retained variables if their 
addition improved the fit of the model (assessed using c-index value [equivalent to the area 
under the receiver operator curve] and Akaike information criterion [AIC]) and did not result in 





Table 3.1. Set of potential predictor variables assessed in predictive models of lead 
testing and blood lead levels 
Data level Source Variables  
Individual  Birth certificate 
year of birth  
biological sex  
birth weight  
preterm birth 
plurality  
method of delivery 
parity 
older children 
maternal age at delivery  
maternal highest education completed 
maternal marital status 
maternal race  
maternal Hispanic ethnicity 
maternal place of birth 
maternal reported number of prenatal care visits  
maternal self-reported smoking 
maternal diabetes 
payment (e.g., private insurance, Medicaid) 
maternal receipt of WIC during pregnancy 
 EPA National Emissions Inventory (2008, 2011, 2014, 2017) Proximity to point sources of airborne lead  
 EPA Toxic Release Inventory (1987-2017) 
Proximity to point sources of industries 
reporting environmental releases of lead 
 NC Department of Transportation Distance to major roadway 
 Lead test results season of lead test year of lead test 
Census block 
group U.S. Census 2010 
Population density  
% population urban 
% population Black/African American alone, 
not Hispanic or Latino 
% population white alone, not Hispanic or 
Latino 
% population Asian alone, not Hispanic or 
Latino 
% population American Indian or Alaska Native 
alone, not Hispanic or Latino 
% population Hispanic or Latino, any race 
% families single parent  
% housing vacant 




 U.S. 5-year ACS 2006-2010 
% housing built before 1950  
% housing built before 1950 and vacant 
median home value  
median household income (2010 dollars) 
% families in poverty 
% population <100% poverty to income ratio 
% population <200% of income to poverty level 
% households receiving public assistance  
% population <high school education  
% population <5 years 
Census tracts U.S. 5-year ACS 2006-2010 
% children in poverty 
% population born in North Carolina 





address served by public water system (binary) 
population served by water system (categorical: 






Inverse probability weighting 
Children who were never tested for lead are missing these outcome data and cannot be 
included in models of the risk of elevated blood lead. To account for these missing data, I created 
inverse probability (IP) of testing weights238 using the predicted probability of testing estimated 
by the logistic model described above.  
These weights were applied to the tested children to approximate the distribution of 
covariates in the total birth certificate cohort and to derive the expected number and 
characteristics of children with elevated blood lead (defined as ≥3 µg/dL) in the total birth 
certificate cohort, accounting for the missing data on blood lead results for those children for 
whom test results are not available. I calculated the number and characteristics of children who 
were missed by lead screening and did not receive a blood lead test result by subtracting these 
estimates from the number of actual children in the cohort with blood lead results at each 
covariate and test outcome level. This process was repeated in 500 bootstrapped samples (with 
replacement) to produce a 95% credible interval for these estimates. 
 
Predictors of children’s blood lead levels 
I assessed the estimated risk of receiving an elevated (≥3 µg/dL) blood lead test result 
prior to 30 months of age, conditional on characteristics at birth, using generalized linear models 
with robust error measurements to account for births with the same residential address at birth. 
Initially, all covariates were examined in bivariate regression models. As with the prior model of 
receiving a blood lead screening test, covariates were added stepwise to a multi-predictor model 
and retained if their addition improved the fit of the model (assessed using assessed using c-




(alpha = 0.05) of a previously added predictor, a step was added to determine whether removing 
the first predictor affected model fit. I also evaluated interactions between measures of housing 
age and housing value. Models were additionally adjusted for season, using the month the lead 
test was conducted. The type of blood used (venous versus capillary), the location of testing 
(point of care versus laboratory), year of test, and age at testing in months were explored as 
potential explanatory variables. The fit of generalized linear mixed models with random 
intercepts for county and for census tract was also evaluated to geographic clustering.143 I 
applied the inverse probability of testing weights to all models to account for the missingness of 
blood lead results among children never tested for lead. The final models were selected to 
maximize the adjusted model c-statistic and minimize AIC for best model fit.  
 
Sensitivity analyses 
I conducted extensive sensitivity analyses to evaluate the robustness of the results to 
alternative assumptions. I reduced the threshold distance to a TRI or NEI site to 1 km; I restricted 
the exposure time period to one year prior to the year of birth and expanded it to the entire 
reporting period; and indicators of proximity to NEI and TRI sites were combined into a single 
variable for point sources of environmental lead. To account for residential and demographic 
characteristics changing between birth and lead testing, I restricted models predicting blood lead 
levels to children at the same address at both birth and testing, as well as restricted to children 
within the same zip code at both birth and testing. Finally, I repeated analyses using the more 
conservative definition of elevated blood lead, ≥5 µg/dL, and using blood lead test results at any 





3.7.2 Aim 2 methods 
Aim 2 examined associations between historic and contemporary neighborhood 
characteristics, individual characteristics, proximity to industrial point sources of environmental 
lead, and blood lead levels among children born and tested for lead in Forsyth County, NC. 
There were two parts to this aim. First, I evaluated whether and how neighborhoods and 
individuals residing in close proximity to industrial point sources of environmental lead differ 
from those further away. Second, I assessed whether there was an association between residential 
proximity to industrial point sources of environmental lead releases at birth and blood lead levels 
in childhood among children born and tested for lead in Forsyth County, NC in 2011-2018.  
 
Descriptive statistics 
I compared the individual and neighborhood-level characteristics of birth certificates 
linked to a blood lead test to those with a reported blood lead level ³3 µg/dL and to the total 
birth certificate cohort in bivariate analyses. I examined how Census block groups containing or 
within 1 km of the 25 TRI and NEI of interest in Forsyth County differed from those in Forsyth 
County that were >1 km from these sites. Finally, I compared the distributions of individual 
characteristics of birth certificates exposed to a NEI or TRI to those >2 km from such sites.  
Building on prior research conducted in North Carolina,205,206 I evaluated whether there 
were disparities in the prevalence of residential exposure to industrial sources of lead and in the 
risk of elevated blood lead levels along racial and wealth lines.239 Birth certificates were 
categorized in combinations of reported maternal race and ethnicity (white, non-Hispanic; Black, 
non-Hispanic; or Hispanic) and, as a proxy for wealth, by whether the mother had received 




during pregnancy or was covered by Medicaid at delivery (WIC or Medicaid v. neither WIC nor 
Medicaid). This six-level measure was used as a predictor first in a linear regression model with 
prevalence residential proximity to any TRI/NEI site (dichotomized as >2km or £2 km) as the 
outcome to calculate prevalence differences. I used this measure as an independent variable in a 
model of the risk of elevated blood lead level (defined as ³3 µg/dL) using generalized linear 
models. I applied IP weights, created using the same methods as described in section 3.7.1, to 
account for children missing blood lead test results. White, non-Hispanic women who did not 
receive WIC benefits or use Medicaid at delivery were used as the reference category to report 
prevalence differences (PDs). White people have historically benefited from structurally racist 
systems,161,162 and I hypothesized that people with this racial/ethnic identity not on WIC or 
Medicaid were less likely than populations of other races and ethnic backgrounds and those in 
poverty to live near industrial facilities. I chose not to collapse categories of race and ethnicity 
further in order to better identify how groups of different racial/ethnic identifies may experience 
differentially adverse exposures. However, this means that birth certificates that reported both 
non-Hispanic ethnicity and maternal race of Asian, American Indian or Native American, Pacific 
Islander or Native Hawaiian, two or more races, or other non-white race were excluded from this 
analysis.  
I repeated these analyses using maternal race/ethnicity in combination with the 1937 
HOLC redlining maps. However, only a small proportion of the study population (n=5,569, 
18%) lived in an area that had been assigned a HOLC grade in 1937. In order to reduce inflation 
of estimates from small numbers, I collapsed the HOLC grades into categories of “A or B” and 
“C or D” and used logistic regression models with two levels of exposure: £2 km or >2 km from 




formerly graded as “A or B” and as the reference category to calculate prevalence differences 
and risk differences.  
 
Association between TRI/NEI sites and children’s blood lead levels 
I assessed the risk of receiving an elevated (≥3 µg/dL) blood lead test result associated 
with residential proximity at birth (0-1 km or 1-2 km versus >2 km) to lead-emitting or -releasing 
NEI or TRI sites in Forsyth County using generalized linear models and generalized estimating 
equations (GEE) to account for repeated neighborhood-level information among births with the 
same residential address.72,139 I applied IP weights to account for children without blood lead test 
results and included year of birth as a covariate to account for exogenous factors that would lead 
to changes in the prevalence of both exposure (e.g., moving into or out of neighborhoods in close 
proximity to TRI and NEI sites) and the outcome (historical trend of decreasing children’s blood 
lead levels).  
In this Aim, I chose not to include maternal race or ethnicity as covariates in models with 
blood lead level as the outcome. At best, using race or ethnicity in a statistical model is to adjust 
for a proxy of the differential experiences and exposures of racism.160 White race is not a 
reflection of significant genetic differences but rather experiences of privilege and access in a 
structurally racist setting. One example of structural environmental racism is the higher 
prevalence of sources of environmental pollution in close proximity to predominantly Black 
neighborhoods compared to predominantly white neighborhoods, in part due to historical 
discriminatory lending policies like those used by the HOLC in the 1930s. To adjust for race in a 
model that seeks to identify the association between living near such points and the outcome of 




Rather, I included other potential sources of variation in blood lead levels in the models of 
elevated blood lead (e.g., neighborhood prevalence of older or vacant housing) some of which 
may also be correlated with maternal race or ethnicity due to structural racism.  
Additionally, in my primary analyses I do not include individual or neighborhood 
measures of wealth in primary analyses, because they may be mediators on the causal pathways 
linking industrial sites of lead pollution to children’s blood lead levels. For example, the value of 
the real estate in neighborhoods surrounding these sites may have fallen (or failed to appreciate) 
as a result of their proximity to industry. Alternatively, these sites may have been constructed in 
neighborhoods that already had more vacant homes or lower real estate value because it was 
inexpensive and politically feasible to do so. Depending on the assumptions I make about the 
direction of the causal paths, neighborhood-level measures may be confounders, mediators, or 
colliders of the association between the location of TRI and NEI sites of lead pollution at birth 
and elevated blood lead levels in childhood. The addition of individual markers of wealth such as 
insurance or WIC status further complicates these paths. However, in secondary (i.e., sensitivity) 
analyses, I present results adjusted for measures of individual wealth (private insurance v. 
Medicaid or other; receipt of WIC benefits) and neighborhood housing characteristics (block 
group median home value [tertile], block group percent vacant housing [tertile], block group 
percent housing built before 1940 [tertile]) as a comparison to the primary estimates.  
 
Sensitivity analyses 
I again conducted additional sensitivity analyses to evaluate the impact of alternative 
model assumptions on the results. To address concerns about residential mobility, I conducted a 




address) on the date of birth and on the date of their blood lead test result. To address concerns 
regarding roadways and water231 as other potential sources of lead exposure, I conducted a 
sensitivity analysis restricted to children living >100 meters from a major roadway and those 
linked to major public water systems serving more than 50,000 people. Because lead is 
environmentally stable in soil, and releases from decades prior can still contribute to today’s soil 
lead content,11 subsequent analyses defined exposure to include sites that ever reported emitting 
or the onsite release of ³1 pound of lead in the years prior to (and including) the child’s birth. I 
restricted lead test results to those conducted at ages 0-30 months only and to those which were 
conducted on venous blood. Finally, I reported results of associations between proximity to TRI 
and NEI sites and the outcome of blood lead level ³5 µg/dL, the current CDC reference value. 
 
3.8 Software and approvals 
Data management and linkage was conducted in ArcMap 10.7, RStudio version 3.6.1, 
and SAS version 9.4.241 All statistical models were run in SAS. This study was approved by the 






CHAPTER 4: AIM 1. PATTERNS OF CHILDREN’S BLOOD LEAD SCREENING AND 




Lead is a well-known toxin that adversely impacts all organ systems studied.166 
Removing lead from gasoline, banning lead in consumer paint, and limits on lead in drinking 
water in the U.S. in the 1970s, ‘80s, and ‘90s were accompanied by dramatic declines in 
children’s lead exposure.1,14 However, lead continues to be used in some industries35 and is also 
extremely stable in soil, which serves as a sink for both historic and contemporary lead 
deposition,11 so lead exposure remains a problem for U.S. children.2 
No safe level of lead has been identified for children.166 State programs for protection 
from lead exposure rely on identifying children with high concentrations of lead in their blood 
and removing lead exposure sources. However, two major barriers exist to protect children. First, 
children must have their blood lead level (BLL) measured, ideally early in life. However, not 
every child receives a blood lead test, and those who do are not randomly sampled. Whereas 
some health services (e.g., immunizations, screening for autism spectrum disorder) are 
recommended for all children at regular intervals,242 lead exposure screening and blood lead 
testing are recommended only for children “at risk of lead exposure.”6 Second, investigations to 
identify possible sources of lead exposure are only triggered if a child’s BLL is above an “action 
level” (usually the U.S. Centers for Disease Control and Prevention [CDC] reference value of 5 
µg/dL). Estimates suggest that 500,000 children in the U.S. have blood lead above 5 µg/dL,4 and 




lead still can cause harm.5,6 These children may be chronically exposed to low levels of lead over 
long periods of time with no intervention, resulting in both irreversible and intergenerational 
health effects.243,244 
Studies of children’s blood lead levels are missing outcome data for children who were 
never tested. Analyses that condition on testing (i.e., restricted to children who received a blood 
lead test) may suffer collider stratification bias (i.e., selection bias),7 and correlations between 
explanatory variables and children’s blood lead levels may be induced by restricting to the 
subsample of tested children. To our knowledge, no study has considered how restricting 
analyses to children tested for lead could bias estimates of association between sources of lead 
exposure and children’s blood lead levels. Here, leveraging the digitization of all birth 
certificates for the state of North Carolina in the period 2011-2016 and linking them to records of 
all available children’s blood lead testing results for the period 2011-2018, we investigated 
determinants of who gets lead tested, who gets lead tested early in life (<30 months of age), and 
who is found to have elevated blood lead levels among all children born and residing in North 
Carolina in the years 2011-2018. Using inverse probability of testing weights to reduce potential 
impact of selection bias into lead screening and testing programs, we estimated the number of 
children born in NC who have elevated blood lead levels but currently remain untested. 
 
4.2 Materials and Methods 
Study setting 
North Carolina is the 9th largest state in the U.S. with 10.5 million residents, a third of 




incidents;201 recent adult and children’s lead exposure concerns;12,202,203 and a variety of 
documented environmental sources of lead;134,214,230,231. 
 
Cohort definition  
We defined a birth cohort of children born in and residing in North Carolina from birth 
certificate records from January 1, 2011 through July 1, 2016 provided by the North Carolina 
State Center for Health Statistics using the following procedure: Of the 662,234 live births that 
received a North Carolina birth certificate during this time period, 15,882 were excluded because 
the state of residence at birth reported was not North Carolina. We geocoded the remaining 
residential addresses provided on the birth certificate using the Geocode Addresses tool within 
ArcMap, using Esri Business Analyst 2017 Address Locator (StreetMap Premium for ArcGIS 
North America HERE 2016 Release 3). An additional 13,193 (2.0% of births to in-state 
residents) could not be geocoded to address points, street addresses, or street names, for a final 
cohort of 633,159 children.  
 
Lead testing  
The primary outcomes for this study were the receipt of at least one blood lead test before 
age 30 months and, among those tested, the highest blood lead level reported in childhood. The 
North Carolina Childhood Lead Poisoning Prevention Program (NCCLPPP) collects the results 
of all blood lead tests conducted in children in North Carolina.204 We linked records of blood 
lead tests conducted in North Carolina from 2011 to 2018 for children born in 2011 or later 
(n=958,194 test results) with the geocoded birth certificate cohort using deterministic matching 




birth; and residential address information. Prior to linkage, we removed all spaces and special 
characters from name variables. We defined full name match as either: 1) exact match on both a) 
first name or concatenated first and middle names and b) last name or concatenated last name 
and suffix (birth certificate only) OR 2) exact match on the concatenated first, middle, and last 
names (or last name and suffix, for birth certificates only). We defined fuzzy name match using 
the SOUNDEX, COMPGED, and SPEDIS functions in SAS (version 9.4) or by matching on at 
least one part of a multi-part name (e.g., Martinez-Garcia matching to Martinez or Garcia). We 
defined partial date of birth match as matching on at least two of day, month, or year. We 
conducted linkage in steps, the first of which required a full name match, full date of birth match, 
and match on all location information (approximate address, city, county, and zip code). At each 
step, we loosened one piece of the matching requirements. The final step required only a fuzzy 
name match and a partial date of birth match. At every step, we randomly selected 50 linked 
pairs to manually evaluate the quality of the linkage. If any pairs appeared to be erroneously 
linked, the linkage rule was refined (e.g., using more conservative values for COMPGED and 
SPEDIS functions, adding more location information) or discarded. 
Each birth linked to at least one lead test was assigned a binary variable to indicate that 
the child had received a blood lead test. Results of blood lead tests are reported in micrograms 
per deciliter µg/dL. Prior to July 1, 2017, all results reported to NCCLPP with decimal places 
were rounded. On or after July 1, 2017, all results reported with decimal places were truncated 
(rounded down) to the integer. NCCLPP normalized results below the limit of detection to 1 
µg/dL. Because laboratory and point of care instruments used to measure children’s BLLs vary 
in their limits of detection, and at least one common instrument has a detection limit of 3.3 




The use of 3 µg/dL as a marker of elevated lead exposure is also consistent with recent calls to 
lower CDC’s reference value for children’s blood lead.198 
 
Study covariates 
We included the following maternal demographic and clinical characteristics reported on 
birth certificates as potential covariates: year of birth, sex assigned at birth, birth weight, preterm 
birth (<37 completed weeks gestation), plurality, method of delivery (vaginal or caesarean), 
parity, number of older children, maternal age at delivery, maternal highest education completed, 
maternal marital status, maternal race, maternal Hispanic ethnicity, maternal place of birth, 
maternal reported number of prenatal care visits, maternal weight gain during pregnancy, 
maternal self-reported smoking, maternal diabetes during and prior to pregnancy, primary form 
of payment (e.g. private insurance, Medicaid), and maternal receipt of Special Supplemental 
Nutrition Program for Women, Infants, and Children (WIC) benefits during pregnancy. The 
2011-2017 NC birth certificates classify maternal race into the following options: white (58.3%), 
Black or African American (24.4%), American Indian or Alaska Native (1.4%), Chinese 
(0.48%), Japanese (0.08%), Native Hawaiian (0.01%), Filipino (0.29%), other Asian (3.35%), or 
other non-white (11.8%). We chose to collapse Chinese, Japanese, Native Hawaiian, Filipino, 
and other Asian into a single Asian and Pacific Islander category due to small numbers. 
Additionally, it is unknown whether maternal race on each birth certificate is self-reported or 
reported by a family member or clinician present at delivery. As race is a social construct, we use 
it in our models not as a biologic or etiologic factor but rather as a proxy for differences between 




We linked publicly available data sources with geocoded residential addresses at birth 
(using ArcMap version 10.7) to describe the physical and social environment of the cohort. We 
primarily used data from 2010 to preserve temporality and ensure predictive variables were 
assessed prior to the outcome of lead testing for all children. We assigned addresses with values 
of the U.S. 2010 Census and 2006-2010 5-year American Community Survey (ACS) block 
group and tract, included population-level measures of income, poverty, race, ethnicity, housing, 
and education (complete list in Table 3.1). We evaluated both tract- and block group-level 
measures to identify those with the strongest predictive values. All Census and ACS variables 
were categorized into quintiles after assignment to births. We also created a binary variable to 
indicate if addresses were within a Census-designated urbanized area. 
Over three million people in North Carolina rely on wells for drinking water,245 and there 
is recent evidence that children that use private wells have higher blood lead levels.231 Drinking 
water from private wells is not regulated under the Safe Drinking Water Act, and in North 
Carolina, only newly permitted wells are required to be tested for contaminants, and there is no 
comprehensive database or characterization of households in North Carolina that rely on private 
wells.246 To address this potential source of lead exposure, we used a publicly available GIS data 
set of the boundaries of public water systems in North Carolina developed by the NC Center for 
Geographic Information and Analysis.232,247 These data were mapped first using system 
boundaries in 2004-2006 and then projected for the year 2010 based on water system owners’ 
expected future boundaries.232 One polygon (“Nash County 1 & 2”) from the 2004-2006 map 
was not included in the area of the projected map and was merged with the projected 2010 
boundaries polygons. We categorized water system service area sizes using Safe Drinking Water 




people), very small (≤3300 people). We spatially linked births to both sets of boundaries and 
assigned them the water system to which they were linked, using projected 2010 boundaries in 
our primary analyses, as we expected these areas to more closely reflect the water systems during 
the study period (2010-2018). However, we used the mapped 2004-2006 boundaries in 
sensitivity analyses. 
We created a binary variable to describe whether a residential address at birth was within 
100 meters of a major roadway, defined as interstates or principal arterials, using spatial data 
from the NC Department of Transportation.234  
Finally, we linked births to Toxics Release Inventory (TRI) sites that released lead or 
lead compounds and National Emissions Inventory (NEI) stationary point sources that emitted 
lead. The TRI is a mandatory Environmental Protection Agency (EPA) program that requires 
industrial facilities employing ≥10 full time employees to report environmental releases of toxic 
chemicals.221 These reports have been released annually since 1988 (which reported on releases 
in 1987). The NEI is an estimate of emissions of air pollutants regulated by the EPA, released 
every three years beginning in 2008.224 Stationary point sources in the NEI include airports, 
industrial facilities, and power plants. All TRI reports and NEI reports for lead or lead compound 
releases or emissions in North Carolina and neighboring states were downloaded from the 
Envirofacts database online222 and the NEI website,225 respectively. The coordinates of the 
facilities provided in the reports were geocoded in ArcMap, and we selected those within 2 km 
of the North Carolina border. Lead is extremely environmentally stable in soil, so releases from 
decades prior can still contribute to today’s soil lead content.14 Because of the wide variability in 
reported levels of lead released or emitted since the inceptions of the TRI and NEI programs, we 




for TRI reports 1987-2008; <0.28 lbs. emitted for NEI reports 2008-2017) as “low Pb” and those 
at or above the median as “high Pb.” For our main analyses, births were spatially linked to TRI 
sites and NEI sites within 2 km and reporting releases or emissions in the five years prior to and 
including the year of birth. For example, for births in 2014, the exposure time period of interest 
was 2009-2014, so births in 2014 were linked to all TRI and NEI sites within 2 km that reported 
releasing or emitting lead at any point in 2009-2014. Proximity to these sites was further 
categorized as 0-1 km or 1-2 km, and births >2 km from any sites were used as the referent. If 
there were multiple TRI or NEI reports filed at one or more sites within 2 km of a residence, we 
used the highest amount of lead reported under each program during the exposure time period of 
interest and within each category of proximity.  
 
Statistical methods 
We linked individual and neighborhood characteristics of children with birth certificates 
to blood lead test results and compared them with children without a corresponding blood lead 
test result to determine the probability of the following outcomes: 1) receiving a blood lead test 
at any age, 2) receiving at least one blood lead test by 30 months of age, 3) receiving a blood 
lead test at both age 1 year (6-18 months) and age 2 years (18-30 months).  
We assessed the probability of receiving at least one blood lead test at <30 months of age, 
conditional on maternal, clinical, and neighborhood characteristics at birth using logistic 
regression models. We examined potential covariates in bivariate models to estimate the 
association between each covariate and the probability of receiving a blood lead test at <30 
months of age. We then added covariates significant in bivariate models at α<0.20 one at a time 




their addition improved the fit of the model (assessed using c-index value [equivalent to the area 
under the receiver operator curve] and Akaike information criterion [AIC]) and did not result in 
model convergence problems.  
We used the predicted probability of testing produced from this model to create inverse 
probability of testing weights to reduce potential for selection bias into lead testing. These 
weights were applied to the tested children to approximate the distribution of covariates in the 
total cohort and to derive the expected number and characteristics of children with elevated 
blood lead (defined as ≥3 µg/dL) in the total cohort, accounting for the missing data on blood 
lead results for those children for whom test results are not available. We further calculated the 
number and characteristics of children who were missed by lead screening and did not receive a 
blood lead test result by subtracting these estimates from the number of actual children in the 
cohort with blood lead results at each covariate and test outcome level. We repeated this process 
in 500 bootstrapped samples (with replacement) to produce a 95% credible interval for these 
estimates. 
The estimated risk of receiving an elevated (≥3 µg/dL) blood lead test result at <30 
months of age, conditional on maternal, clinical, and neighborhood characteristics at birth, was 
assessed using generalized linear models with robust error measurements to account for births 
with the same residential address at birth. Initially, all covariates were examined in bivariate 
regression models. As with the earlier models, covariates were added stepwise to a multi-
predictor model and retained if their addition improved the fit of the model (assessed using 
assessed using c-index value and AIC). If the addition of a new predictor changed the statistical 
significance (alpha = 0.05) of a previously added predictor, a step was added to determine 




measures of housing age and housing value. Models were additionally adjusted for season, using 
the month the lead test was conducted (winter [referent] = December, January, February; spring 
= March, April, May; summer = June, July, August; fall = September, October, November). The 
type of blood used (venous versus capillary), the location of testing (point of care versus 
laboratory), year of test, and age at testing in months were explored as potential explanatory 
variables. The fit of generalized linear mixed models with random intercepts for county was also 
evaluated. We applied inverse probability of testing weights to all models to account for the 
missingness of blood lead results among children never tested for lead. The final models were 
selected to maximize the adjusted model c-statistic and minimize AIC for best model fit.  
 
Sensitivity analyses 
We conducted sensitivity analyses to evaluate the robustness of the results. To evaluate 
the sensitivity of the results to the exposure definition, the threshold distance to a TRI or NEI site 
was reduced to 1 km, the exposure time period was both restricted to one year prior to the year of 
birth and expanded to the entire reporting period, and indicators of proximity to NEI and TRI 
sites were combined into a single variable for point sources of environmental lead. To look at the 
tails of the lead release and emissions distributions, we additionally evaluated “very high Pb” 
sites as those emitting or releasing above the 90th percentile of lead (>6090 lbs. lead released for 
TRI reports, >40.7 lbs. lead emitted for NEI reports) and “very low Pb” sites as those in the 10th 
percentile of lead released or emitted (<0.014 lbs. lead released for TRI reports, <0.008 lbs. lead 
emitted for NEI reports). In assessing which residences were close to a major roadway, we 
excluded roadways built in the year 2000 or later, as lead was fully removed from automotive 




exposure. To account for residential and demographic characteristics changing between birth and 
lead testing, models of blood lead levels were restricted to children at the same address at both 
birth and testing, as well as restricted to children within the same zip code at both birth and 
testing. Finally, analyses were repeated using the more conservative definition of elevated blood 
lead, ≥5 µg/dL, and using blood lead test results at any age in childhood.  
All models were run in SAS version 9.4.241 This study was approved by the Institutional 
Review Board at the University of North Carolina at Chapel Hill.  
 
4.3 Results 
4.3.1 Blood lead testing 
Overall, 419,001 (66.2%) of the geocoded 2011-2016 North Carolina birth certificates 
were linked to 861,870 (89.9%) of the children’s lead tests conducted in North Carolina between 
2011-2018. Therefore, 33.8% of children born in NC in this period have no report of childhood 
blood lead testing. As we allowed for data missingness and spelling and data entry errors in our 
linkage process, presumably the majority of the 10.1% of lead test results that could not be 
linked to a NC birth certificate were for children born out of state. Nearly all of the linked tests 
(402,002; 95.9%) were conducted on toddlers (before 30 months of age). However, about one-
third of children born in NC in this period were tested for lead at both 1 and 2 years of age 
(n=199,707, 31.5%). 
Children who were never tested for lead are not a random sample of all live births in NC, 
and therefore information on childhood blood lead levels is not missing completely at random. 
Birth certificates of children who were not linked to a lead test result were more likely to report 




outside of North Carolina, not covered by Medicaid or receiving WIC benefits, non-Hispanic 
ethnicity, white or Asian race, and college-educated (Table 4.1). Compared to the birth cohort, 
residential addresses at birth of the children tested for lead were more likely be in less urban, 
sparsely populated neighborhoods, with higher proportions of people born in North Carolina; 
more adults with less than a high school education; more children and families living in poverty; 
more vacant and older housing stock (built before 1950 or 1940) with lower value; and lower 
proportions of Asian neighbors and higher proportions of Black and African American 
neighbors.  
The final logistic regression model of the probability of receiving a blood lead screening 
test at less than 30 months of age included the following covariates: county of birth, year of 
birth, payment at delivery (Medicaid, private insurance, self-pay, other), maternal race 
(American Indian, Asian, Black, white, other non-white), whether the mother had reported 
receiving WIC during pregnancy (0/1), the number of previous live births still living (none, 1, 2 
or more), maternal marital status (married or unmarried), maternal location of birth (N.C., other 
U.S. states and territories, or international), maternal prenatal care (indicator for 10 or more 
prenatal care visits), % tract population born in N.C. (quintile), % of block group population 
under 18 years (quintile), block group population density per mile2 (quintile), % of block group 
population with less than high school education (quintile), % of block group housing that is 
renter-occupied (quintile), % of block group population white alone, not Hispanic or Latino 
(quintile), % of block group Hispanic or Latino (quintile), and 2010 estimated public water 
system service area size (>50,000 people, 10,001-50,000 people, 3,301-10,000 people, £3,300 




moderately good predictive value. The inverse probability of testing weights among those with 
lead test results ranged from 1.02 to 8.87 (mean 1.56). 
 
4.3.2 Blood lead levels 
Among the 402,002 children that received a blood lead test at <30 months of age, 41,839 
(10.4%) received a maximum test result of 3 µg/dL or higher, 10,677 (2.66%) received a 
maximum test result of 5 µg/dL of higher, and 1,892 (0.47%) received a maximum test result of 
10 µg/dL or higher.  
In bivariate models, many predictors were strongly correlated with the risk of receiving a 
blood lead test result ≥3 µg/dL (Table 4.3). Weighting the tested subpopulation so that it was 
comparable (with respect to covariates) to the overall cohort of live North Carolina births 
generally strengthened these correlations. The final multi-predictor model of the risk of receiving 
a blood lead test result ≥3 µg/dL included birth certificate variables (year of birth, sex, insurance, 
maternal race, maternal Hispanic ethnicity, maternal age, maternal smoking, and maternal state 
of birth), environmental factors (residential proximity to TRI and NEI sites and major roadways, 
water system service area size), neighborhood characteristics (proportion of the population born 
in North Carolina, proportion of housing built before 1950 and before 1940, proportion of vacant 
housing, whether the residence was in an urbanized area), information reported on test results 
(season of test, age at testing, specimen type), and an interaction term between housing built 
before 1940 and median home value (Table 4.3).  
In covariate-adjusted models, a number of variables were positively associated with 
having an elevated blood lead test result (Table 4.3). Children born in earlier years, and whose 




Asian or American Indian race, or non-Hispanic ethnicity had higher risk of elevated blood lead 
results. Residential addresses that were within 2 km of a lead-releasing TRI or NEI facility, 
within 100 m of a major roadway, not on a public water service system, and in neighborhoods 
with more older or vacant housing were also associated with higher odds of elevated blood lead 
results. We also found that addresses in census tracts with the fewest homes built before 1940 
but the lowest home values were more likely to be linked to an elevated blood lead test result. 
Notably, the area under the receiver operator curve of the final predictive model was only 0.698, 
indicating it had moderate predictive utility.  
Several sensitivity analyses were conducted to evaluate the robustness of these results to 
alternative specifications, Restricting children to those residing at the same address or within the 
same city, zip code, or county at birth and at testing, and modeling the risk of BLLs ≥3 µg/dL at 
any age, did not alter our conclusions (Table 4.4). Similarly, excluding children born in counties 
with a high U.S. military population (Onslow and Cumberland), due to the possibility that many 
children born on military bases may not continue to reside there later in childhood, did not 
change the results. Alternative definitions of residential proximity to lead-emitting or -releasing 
sites altered risk estimates (Table 4.5). Restricting sites to those within 1 km of residence at birth 
nullified the risk associated with proximity to TRI sites, but did not substantially alter NEI 
estimates. Restricting sites to those releasing or emitting lead within 1 year of birth slightly 
strengthened results for TRI sites, while expanding the exposure definition to all sites ever 
reported releasing or emitting lead within 2 km of residential address at birth nullified 
associations between elevated BLLs and TRI sites but did not substantially change associations 
with NEI sites. Additionally, applying the same predictors to model the risk of a blood lead test 




mothers (as reported on the birth certificate), children of Asian mothers were 1.6 times more 
likely to be linked to a blood lead test result ≥5 µg/dL, while children of Black mothers were less 
likely to be linked to a blood lead test result ≥5 µg/dL. There were also stronger associations 
observed for maternal smoking, and neighborhoods with high proportions of housing built before 
1950, but reduced or null associations with residential proximity to TRI and NEI sites. Using 
generalized linear mixed models with a random intercept for county did not improve model fit or 
substantively alter our conclusions (results not shown). 
When inverse probability of testing weights were applied to the children tested for lead, 
the re-weighted population included an estimated 57,398 children (9.2%) with a blood lead level 
≥3 µg/dL; 14,522 (2.3%) children with a blood lead level ≥5 µg/dL; and 2,520 children (0.4%) 
with a blood lead level ≥10 µg/dL. By subtracting the number of true elevated blood lead tests 
from those in the weighted population, we estimate that in our study population, between 2011-
2018, 17,543 additional children had blood lead levels ≥3 µg/dL that were never tested for lead 
(95% credible interval: 17,462-17,650; 7.9% of those not tested), including 4,457 with BLLs ≥5 
µg/dL (95% credible interval 4,435-4,482; 2.0% of those not tested; Table 4.7, Figure 4.1). 
While some characteristics were more common among the untested children predicted to have 
elevated BLLs compared to the group as a whole, few had strong signals that could help identify 
these children (Table 4.7). Moreover, the groups of children with the highest relative risks for 
elevated blood lead levels frequently contribute the fewest cases. Medicaid status was associated 
with receiving an elevated blood lead test, and we estimate that there were 7,515 untested 
children on Medicaid with BLLs ≥3 µg/dL, or 11% of untested children in this category. 




elevated blood lead, despite children in this category being less likely to have elevated blood lead 
as a whole, simply because they constitute the majority of untested children.  
 
4.4 Discussion 
In this analysis, we linked birth certificate and blood lead testing data with publicly 
available neighborhood and environmental data to evaluate factors at birth related to blood lead 
testing and blood lead levels among North Carolina children in 2011-2018. We found that most 
children born in North Carolina between 2011-mid-2016 were screened for lead and received a 
blood lead test at least one time by age 2.5 years. However, tested children did not reflect the 
demographics of North Carolina. After re-weighting the tested children to look more like the 
state as a whole, we identified several individual and neighborhood-level factors at birth that 
were predictive of elevated blood lead in toddlers, including being covered by Medicaid, 
smoking during pregnancy, young maternal age, maternal non-Hispanic ethnicity, maternal 
Asian race, maternal international location of birth, living near a major roadway or industrial 
source of lead emissions or releases, lack of access to a public water system, and living in 
neighborhoods at the time of delivery with more older and vacant housing.  
Prior studies of children in North Carolina reported that approximately 50% of children 
ages 1 and 2 years were tested for lead, an overall finding consistent with our results.203 In the 
early 1990s, children tested for lead in North Carolina were disproportionately Black and 
residents of rural counties compared to the state population.158 Of those tested, Black children 
and (independent of race) children living in rural areas were more likely to have elevated BLLs 
than white children and children living in urban locations, respectively.158 Later, others found 




Census block group that had a greater proportion of African American or Hispanic population or 
population receiving public assistance, warmer seasons of testing (particularly summer and fall), 
decreasing household median income, and increasing age of housing.108,159 
Across the country, the year a child’s home was built has been among the most consistent 
predictors of elevated blood lead.60 The percent of housing in a neighborhood built before 1950 
has also been consistently and positively associated with both an individual child’s BLL and the 
proportion of children in that neighborhood with elevated blood lead.67-73 Living in close 
proximity to industries with documented releases of lead into the environment, such as TRI sites 
or airports, has also been associated with elevated blood lead in children.67,72,134,151 
Contrary to findings in other parts of the country, but in accordance with results from a 
prior study in North Carolina,158 we found that children living in urbanized areas in North 
Carolina are less likely to have elevated blood lead levels than those in more rural parts of the 
state. However, most of North Carolina’s population lives in urbanized areas, and children in 
these neighborhoods are currently less likely to be tested for lead. This means that urbanized 
areas account for more cases (both observed and missed) of children with elevated blood lead 
levels. It is likely, however, that the risk of lead exposure is not equally distributed among urban 
residents; North Carolina’s cities are among the most economically and racially segregated in the 
country.218-220 
In the U.S., exposure to both household and environmental lead hazards is unevenly 
distributed; children who are Black or who live in a household with low income or low 
educational attainment are more likely to be exposed to lead.49,53,62,83,153-157 These patterns have 
been true at an ecologic level as well: children living in Census tracts and block groups with 




American, Latino, or recently immigrated, have higher blood lead levels than those in 
neighborhoods with greater wealth, newer and owner-occupied housing, and more white and 
native-born residents.67-72,74,75,134,145,159,163,164 Given North Carolina’s history of 
disproportionately siting toxic waste facilities in lower income communities of color,205,206 it is 
not improbable that, without properly accounting for these additional potential sources of lead 
exposure, the predictive value of the racial and socioeconomic makeup of a neighborhood may 
reflect that neighborhood’s proximity to sources of environmental lead. When we account for the 
likelihood of receiving a blood lead test and for environmental sources of lead exposure, we find 
that children of Black mothers are no more likely than children of white mothers to have elevated 
blood lead levels, and for children of Hispanic women, the risk appears to be significantly lower. 
These findings implicate the important role of environment injustice in persistent racial 
disparities in children’s blood lead levels.  
Prior studies have evaluated associations between individual- or neighborhood-level 
variables and children’s blood lead levels. However, all studies that attempt to predict or explain 
children’s blood lead levels are restricted to a sample of children that have been tested for lead. 
Children who are never tested for lead are missing the key outcome – blood lead level – and are 
therefore not selected into these studies. Because the predictors of lead testing are not well 
documented or understood, the structure of this missing data, and the potential for selection bias 
by conditioning on children with lead testing results, is not known. To our knowledge, no 
previous study has considered how restricting analyses to children tested for lead could bias 
associations between sources of lead exposure and children’s blood lead levels and ultimately 




While we evaluated an extensive array of individual and neighborhood-level predictors of 
lead testing and blood lead levels in North Carolina children, there are a few important factors 
we could not evaluate, including the age of each child’s home. While other analyses have used 
county tax records to determine the year a child’s home was built,108,159 this information has not 
been compiled by the state for most of the property parcels in North Carolina.247 We examined 
the Census block group proportion of older housing in the child’s neighborhood, which likely 
captures some of the effect of a child’s housing age on elevated blood lead risk, while also 
accounting for the risk of living near older houses, which may have deteriorating external lead 
paint that could impact the exposure risk of both its occupants and their neighbors. We could not 
examine the presence of a parent or family member with an occupation or hobby with an 
elevated risk of lead exposure. While take-home lead exposure from work is a concern for North 
Carolina children, documented instances of occupational lead exposure are largely concentrated 
in Forsyth County, North Carolina,12 and adding county-level random intercepts did not alter our 
results. We used public water system service area maps developed in 2004-2006 to approximate 
children’s water source in our analyses. However, homes that overlap with public maps of water 
system service areas may not actually be served by these public utilities.248 Moreover, this 
misclassification is not random. In Wake County, which contains the second largest population 
of any North Carolina county, block groups with increasing proportions of Black residents have 
higher odds of being excluded from public water systems.249 
A key intent of this analysis was to identify factors at birth that could predict higher risk 
of elevated blood lead levels in early childhood, as early identification of risk factors could 
inform prevention efforts. However, there are limits to this approach. If a family moves, the 




change. To address this concern, we restricted to children living at the same address or in the 
same city, zip code, or county at testing as at birth in sensitivity analyses, with similar results. 
We chose to use neighborhood-level measures from 2010 to preserve temporality of predictive 
variables prior to the outcome of lead testing for all children. However, these data may more 
accurately describe the neighborhoods of children born earlier in the cohort than those born more 
recently, while contemporary measures may better reflect families’ environments and access to 
testing.  
Additionally, we noted that children born in 2011 were more likely to have elevated 
blood lead levels than those born in later years. It is not clear why this is the case. There were 
similar numbers and proportions of children tested in 2011 as in other years. Blood lead 
screening and testing patterns may have contributed to this association. In 2011, 83% of blood 
lead screening tests were conducted at the point of care, rather than sent to a laboratory, but by 
2016 it was down to 57%. Additionally, in 2012, the CDC lowered its “reference value” for 
children’s blood lead levels to 5 µg/dL.42,43 Lowering this threshold expanded the population of 
children who received follow up and lead exposure investigations after blood lead testing and 
could have resulted in improved environmental conditions not just for the children with elevated 
tests, but also for their communities.  
This CDC reference value was established based on the estimated distribution of BLLs in 
U.S. children (approximately the 97.5th percentile), rather than a level of safety.42 Blood lead 
levels <5 µg/dL are associated with behavioral problems, decreased cognition, and decreased 
kidney function.166 Because there is no safe level of lead exposure, any measurable blood lead is 




a somewhat arbitrary cutoff. However, as Geoffrey Rose wrote, “What is common is all right, we 
presume.”215 
The current children’s lead exposure reduction strategy in the U.S. follows a “high risk 
strategy,”215 relying on screening and targeted lead testing. If children who are at higher risk of 
being exposed to lead can be identified earlier – at birth – preventing such exposure may be more 
feasible, and public health systems could implement both individual and population-level 
policies to reduce children’s lead exposure. Public health researchers may be able to employ 
machine learning or complex statistical methods to develop algorithms to better identify the most 
children at the highest risk of elevated blood lead levels. However, the relatively small risk ratios 
and moderate predictive utility of our model demonstrate that targeting specific subpopulations 
for lead testing may not be a sufficient strategy for identifying children exposed to lead. Take, 
for example, requiring children covered by Medicaid to be screened for lead.250 Our model 
indicates that children covered by Medicaid do have a significantly higher risk of elevated blood 
lead than children not covered by Medicaid, and targeted lead screening of these children has 
been effective in identifying vulnerable children with elevated blood lead levels. However, fewer 
than half of North Carolina’s children are insured by Medicaid. We estimate that the absolute 
number of children in North Carolina with elevated blood lead is greater among those not 
covered by Medicaid than among those covered by Medicaid.  Expanding blood lead testing as a 
universal requirement for all children, rather than testing only “high risk” populations, would 
benefit thousands --  “a large number of people at a small risk may give rise to more cases of 
disease than the small number who are at a high risk.”215 Such an expansion would align with the 
North Carolina Division of Public Health’s recent move to make free blood lead testing available 




With lead, prevention of exposure is key. Reducing children’s blood lead levels after lead 
exposure is not effective at improving neurological outcomes, and the neurotoxic effects of lead 
may be irreversible.243 Thus by far, the most effective method of reducing lead exposure has 
been to implement systemic population-level policies, which has resulted in dramatic declines in 
children’s lead exposure.1,14 However, lead continues to be used in some industries35 and is also 
extremely stable in soil, which serves as a sink for both historic and contemporary lead 
deposition,11 so lead exposure remains a problem for U.S. children.2 Public health workers may 
use neighborhood-level information to try to predict whether a child will be exposed to lead (e.g., 
the proportion of housing built before 1950), but the systems in place largely rely on individual-
level actions to address lead exposure (e.g. removing chipping lead-based paint from a child’s 
home). A true “population strategy”215 to not only reduce, but prevent, children’s lead exposure 
would require both widespread lead testing to identify exposed children and sources of exposure, 






Table 4.1. Descriptive characteristics of geocoded North Carolina births 2011-2016, 




Tested for lead at 0-
30 months 
N (%) 
Cases: BLL ≥3 µg/dL 
at 0-30 months 
N (%) 
Total live births 633,159 402,002 (64%) 39,855 (10%)a 
Child sex assigned at birthc 
  
female 309,818 (49%) 196,947 (49%) 18,613 (47%) 
male 323,329 (51%) 205,053 (51%) 21,242 (53%) 
missing 12 (0%) 2 (0%)  
Prenatal care visitsb,c    
<10 141,067 (22%) 90,721 (23%) 9,682 (24%) 
10+ 487,586 (77%) 308,343 (77%) 29,869 (75%) 
missing 4,506 (1%) 2,938 (1%) 304 (1%) 
Payment (insurance) at deliveryb,c    
Medicaid 277,906 (44%) 212,319 (53%) 25,531 (64%) 
Private 280,289 (44%) 144,459 (36%) 10,431 (26%) 
Self-pay 45,509 (7%) 34,129 (9%) 3,102 (8%) 
other 28,817 (5%) 10,964 (3%) 773 (2%) 
missing 638 (0%) 131 (0%) 18 (0%) 
Older childrenb,c    
none 258252 (41%) 164768 (41%) 16,622 (42%) 
1 203753 (32%) 125746 (31%) 11,789 (30%) 
2 or more 171027 (27%) 111424 (28%) 11,438 (29%) 
missing 127 (0%) 64 (0%) 6 (0%) 
Reported smoking before or during pregnancyb,c   
any 85,047 (13%) 59,559 (15%) 8,050 (20%) 
missing 131 (0%) 52 (0%) 3 (0%) 
Maternal age at deliveryb,c    
≤20 yrs. 74,184 (12%) 55,582 (14%) 7,227 (18%) 
21-25 yrs. 163,999 (26%) 112,743 (28%) 12,636 (32%) 
26-30 yrs. 182,754 (29%) 112,606 (28%) 10,219 (26%) 
31-35 yrs. 144,125 (23%) 82,103 (20%) 6,558 (17%) 
>35 yrs. 68,086 (11%) 38,961 (10%) 3,213 (8%) 
missing 11 (0%) 7 (0%) 2 (0%) 
Maternal marital statusb,c    
married 376,316 (59%) 207,666 (52%) 17,781 (45%) 
unmarried 256,657 (41%) 194,227 (48%) 22,059 (55%) 
missing 186 (0%) 109 (0%) 15 (0%) 
Maternal education at deliveryb,c    
less than HS 105,525 (17%) 81,354 (20%) 9,924 (25%) 
HS graduate 141,022 (22%) 101,262 (25%) 11,686 (29%) 
Some college or Associate degree 199,684 (32%) 128,985 (32%) 12,028 (30%) 
Bachelor's degree or more 185,844 (29%) 89,662 (22%) 6,158 (16%) 
missing 1,084 (0%) 739 (0%) 59 (0%) 
WICb,c,d     
298,832 (47%) 227,693 (57%) 26,116 (66%) 
missing 1,206 (0%) 685 (0%) 69 (0%) 
Maternal Hispanic ethnicityb,c     
95,447 (15%) 71,194 (18%) 5,775 (15%) 
missing 302 (0%) 133 (0%) 19 (0%) 
Maternal raceb,c    
American Indian 8,446 (1%) 6,459 (2%) 873 (2%) 
Asian 25,864 (4%) 12,325 (3%) 1,332 (3%) 




white 369,536 (58%) 216,196 (54%) 20,926 (53%) 
other non-white 75,246 (12%) 59,114 (15%) 4,801 (12%) 
Mother’s state of birthb,c    
North Carolina 286,676 (45%) 205,358 (51%) 23,108 (58%) 
other U.S. states & territories 233,692 (37%) 119,967 (30%) 10,078 (25%) 
remainder of world 109,087 (17%) 74,834 (19%) 6,537 (16%) 
missing 3,704 (1%) 1,843 (1%) 132 (0%) 
Year of birthb,c    
2011 115,276 (18%) 73,116 (18%) 10,934 (27%) 
2012 114,744 (18%) 73,480 (18%) 7,571 (19%) 
2013 114,154 (18%) 71,347 (18%) 6,281 (16%) 
2014 116,190 (18%) 71,642 (18%) 6,339 (16%) 
2015 116,197 (18%) 74,878 (19%) 6,184 (16%) 
2016 56,598 (9%) 37,539 (9%) 2,546 (6%) 
Residence in urbanized area 387,548 (61%) 227,216 (57%) 19,714 (49%) 
Not in urbanized area 245,611 (39%) 174,786 (43%) 20,141 (51%) 
Within 100 m of major roadwayb,c 23,316 (4%) 16,029 (4%) 1,799 (5%) 
Estimated 2010 public water system service population sizeb,c  
>50,000 people 321,736 (51%) 190,524 (47%) 16,839 (42%) 
10,001-50,000 people 130,574 (21%) 87,093 (22%) 8,800 (22%) 
3,301-10,000 people 52,069 (8%) 37,316 (9%) 3,911 (10%) 
≤3,300 people 26,247 (4%) 19,339 (5%) 2,398 (6%) 
Not on public water 102,533 (16%) 67,730 (17%) 7,907 (20%) 
Within 2 km of NEI or TRI site emitting/releasing lead in past 5 years 
NEI sitesb,c 165,217 (26%) 111,926 (28%) 12290 (31%) 
Low Pb (< median) 89,692 (14%) 60,556 (15%) 6163 (15%) 
High Pb (³ median) 75,525 (12%) 51,370 (13%) 6127 (15%) 
TRI sitesb,c 68,291 (11%) 45,346 (11%) 4959 (12%) 
Low Pb (< median) 40,868 (6%) 27,314 (7%) 2738 (7%) 
High Pb (³ median) 27,423 (4%) 18,032 (4%) 2221 (6%) 
Selected Census characteristics median (IQR) median (IQR) median (IQR) 
block group population sizeb,c 1,809 (1159) 1,739 (1092) 1,663 (1049) 
block group population density (per 
mile2) b,c 943 (2152) 804 (2108) 641 (1984) 
% tract population born in N.C. b,c 58% (27) 62% (24) 67% (21) 
% tract households with ≥1 childb,c 35% (12) 34% (11) 34% (10) 
% block group population:    
Asian, non-Hispanicb,c 1% (2) 1% (2) 1% (2) 
Black, non-Hispanicb,c 17% (29) 19% (31) 20% (35) 
white, non-Hispanicb,c 65% (41) 64% (45) 63% (47) 
Hispanic or Latino, any raceb,c 7% (9) 7% (10) 6% (10) 
% block group ≥25 years with less than 
high school educationb,c 
15% (17) 17% (17) 19% (17) 
% block group households earning 
<$20,000b,c 18% (18) 20% (19) 23% (20) 
% block group housing units:    
renter-occupiedb,c 30% (32) 30% (31) 31% (31) 
vacantb,c 9% (6) 10% (6) 11% (7) 
built pre-1950b,c 5% (12) 6% (13) 9% (16) 
built pre-1940b,c 2% (7) 3% (8) 4% (11) 
tract median value of owner-occupied 
housing unitsb,c 
$136,100 (75,300) $128,900 (68,100) $119,100 (62,800) 
aPercentage of children tested at <30 months 
bStatistically significant difference in distribution between tested and not tested at 0-30 months 
cStatistically significant difference in distribution between BLL ≥3 µg/dL and BLL <3 µg/dL at 0-30 months 




Table 4.2. Final logistic regression parameters of the probability of receiving a blood lead 
screening test by 30 months of age 
Parameter Level Estimate Standard Error 
Intercept 0.5744 0.0534 
Insurance at delivery (ref. = Private) Medicaid 0.4209 0.00864 
self-pay 0.3358 0.0146 
other -0.4856 0.015 
Maternal race (ref. = white) American Indian 0.1693 0.0311 
Asian -0.224 0.0168 
Black 0.1009 0.00877 
other non-White 0.5824 0.0137 
WIC (ref. = No or unknown) Yes 0.461 0.00771 
Prenatal care visits (ref. = ³10) <10 or unknown -0.2218 0.00731 
Maternal marital status (ref. = married) unmarried 0.234 0.00772 
Maternal location of birth (ref. = North 
Carolina) 
other U.S. states & territories -0.4154 0.0068 
remainder of world -0.0639 0.0122 
Number of older children (ref. = none) 1 -0.103 0.00687 
2 or more -0.1828 0.00755 
Year of birth (ref. = 2011) 2012 0.0251 0.00962 
2013 -0.0254 0.00963 
2014 -0.0412 0.00957 
2015 0.1033 0.00962 
2016 0.2162 0.012 
Estimated 2010 public water system service 
population size (ref. = >50,000 
people) 
10,001-50,000 people -0.0888 0.0116 
3,301-10,000 people -0.0689 0.0146 
£3,300 people -0.1665 0.0191 
not on public water -0.1177 0.0116 
% block group households with ≥1 child 
(ref. = Q1) 
Q2 -0.0904 0.01 
Q3 -0.1007 0.0104 
Q4 -0.171 0.0109 
Q5 -0.3018 0.0117 
% block group housing units renter-occupied 
(ref. = Q1) 
Q2 0.0407 0.00998 
Q3 0.0364 0.0105 
Q4 0.0124 0.0115 
Q5 -0.1619 0.013 
block group population density (per mile2) 
(ref. = Q1) 
Q2 -0.0309 0.0107 
Q3 -0.0679 0.0125 
Q4 -0.0439 0.0137 
Q5 0.0716 0.0151 
% block group population Hispanic or 
Latino (ref. = Q1) 
Q2 -0.0509 0.0102 
Q3 -0.0508 0.0113 
Q4 0.0129 0.0124 
Q5 0.1141 0.014 
% block group population white, non-
Hispanic (ref. = Q1) 
Q2 -0.1223 0.0111 
Q3 -0.1475 0.0127 
Q4 -0.0918 0.0144 
Q5 0.053 0.0174 
% block group ≥25 years with less than high 
school education (ref. = Q1) 
Q2 0.101 0.00954 
Q3 0.1831 0.0107 
Q4 0.2058 0.012 
Q5 0.2503 0.0131 
% tract population born in N.C.  (ref. = Q1) Q2 0.2766 0.00945 
Q3 0.4086 0.0112 
Q4 0.4154 0.0134 




County (ref. = Lenoir) Alamance -0.5701 0.0523 
Alexander 0.0752 0.0752 
Alleghany -0.3776 0.1234 
Anson -0.5793 0.0789 
Ashe 0.0278 0.0898 
Avery 0.1988 0.1181 
Beaufort -0.0893 0.0689 
Bertie -0.0911 0.1027 
Bladen -0.3195 0.0731 
Brunswick -0.4777 0.0553 
Buncombe -0.1603 0.0519 
Burke 0.3347 0.063 
Cabarrus -0.3696 0.0517 
Caldwell 0.3213 0.0639 
Camden 0.2405 0.1413 
Carteret 0.0285 0.063 
Caswell -0.4813 0.0859 
Catawba -0.0606 0.053 
Chatham -0.4427 0.0602 
Cherokee -0.3904 0.1085 
Chowan 0.0839 0.1034 
Clay -0.4746 0.188 
Cleveland -0.2495 0.0564 
Columbus -0.00811 0.0679 
Craven 0.2817 0.0531 
Cumberland -0.9499 0.0494 
Currituck -0.4834 0.1027 
Dare -0.5761 0.071 
Davidson 0.0148 0.0534 
Davie -0.1486 0.0695 
Duplin -0.5957 0.0598 
Durham -0.3984 0.0501 
Edgecombe -0.043 0.0657 
Forsyth 0.1866 0.0505 
Franklin -0.3041 0.059 
Gaston -1.0964 0.0504 
Gates -0.1558 0.1616 
Graham -0.1256 0.131 
Granville -0.3565 0.0623 
Greene -0.4725 0.0848 
Guilford 0.2802 0.0496 
Halifax 0.7266 0.0775 
Harnett -0.4886 0.0522 
Haywood -0.2309 0.0643 
Henderson -0.3545 0.0569 
Hertford 0.3428 0.1057 
Hoke -0.7434 0.0562 
Hyde -0.5786 0.1508 
Iredell -0.3497 0.0519 
Jackson -0.00815 0.0751 
Johnston -0.7331 0.0501 
Jones -0.1106 0.1192 
Lee 0.0734 0.0606 
Lincoln -1.0602 0.0569 
Macon -0.1081 0.0752 







Martin -0.4082 0.0815 
McDowell -0.5178 0.0667 
Mecklenburg -1.1683 0.0487 
Mitchell -0.7659 0.0987 
Montgomery 0.8271 0.1029 
Moore 0.343 0.058 
Nash 0.4986 0.0607 
New Hanover 0.2361 0.0519 
Northampton 0.3019 0.1163 
Onslow -0.6277 0.0498 
Orange -0.2796 0.0546 
Pamlico 0.4517 0.1414 
Pasquotank -0.235 0.0683 
Pender -0.2747 0.0617 
Perquimans 0.1094 0.1129 
Person -1.3629 0.0636 
Pitt -0.6133 0.051 
Polk -1.1024 0.0956 
Randolph 0.0558 0.0544 
Richmond 0.3031 0.07 
Robeson -0.1301 0.055 
Rockingham -0.5881 0.0558 
Rowan -0.7095 0.0528 
Rutherford -1.6265 0.0581 
Sampson 0.2185 0.064 
Scotland -0.3299 0.0688 
Stanly 0.6356 0.0687 
Stokes 0.186 0.074 
Surry -0.5044 0.0593 
Swain -0.7065 0.0908 
Transylvania -0.5129 0.0764 
Tyrrell -0.0502 0.1911 
Union -0.7825 0.051 
Vance -0.6408 0.0612 
Wake -0.5137 0.0483 
Warren -0.2845 0.095 
Washington -0.0905 0.1138 
Watauga 0.8309 0.084 
Wayne -0.0381 0.0523 
Wilkes -0.2279 0.0624 
Wilson 0.4441 0.0633 
Yadkin -0.3006 0.0719 




Table 4.3. Predictors at birth of risk of blood lead level ≥3 µg/dL among children who 




weighted to total 
population 
Full modelb, IPa-
weighted to total 
population  
RR (95% CI)c RR (95% CI) RR (95% CI) 
Child female sex at birth (ref. = male) 0.91 (0.90, 0.93) 0.92 (0.90, 0.94) 0.93 (0.91, 0.95) 
Payment (insurance) at delivery (ref. = Private or other)  
 
Medicaid 1.67 (1.63, 1.70) 1.74 (1.70, 1.78) 1.35 (1.32, 1.39) 
Self-pay  1.26 (1.21, 1.31) 1.32 (1.27, 1.37) 1.30 (1.24, 1.36) 
Reported smoking before or during 
pregnancy (ref. = none) 
1.46 (1.42, 1.49) 1.50 (1.46, 1.54) 1.14 (1.12, 1.17) 
Maternal age at delivery     
≤20 yrs. 1.43 (1.39, 1.47) 1.49 (1.45, 1.54) 1.16 (1.13, 1.20) 
21-25 yrs. 1.24 (1.20, 1.27) 1.26 (1.23, 1.30) 1.07 (1.05, 1.10) 
26-30 yrs. (ref.)    
31-35 yrs. 0.88 (0.85, 0.91) 0.87 (0.85, 0.90) 0.97 (0.93, 1.00) 
>35 yrs. 0.91 (0.87, 0.94) 0.91 (0.87, 0.94) 1.01 (0.97, 1.05) 
Maternal Hispanic ethnicity (ref. = non-
Hispanic) 
0.79 (0.77, 0.81) 0.83 (0.81, 0.86) 0.81 (0.76, 0.87) 
Maternal race (ref. = white)    
American Indian 1.40 (1.31, 1.49) 1.49 (1.39, 1.59) 1.10 (1.03, 1.17) 
Asian 1.12 (1.06, 1.18) 1.20 (1.13, 1.28) 1.33 (1.24, 1.42) 
Black 1.14 (1.12, 1.17) 1.19 (1.16, 1.21) 0.98 (0.96, 1.01) 
other non-white 0.84 (0.81, 0.87) 0.90 (0.88, 0.93) 0.92 (0.86, 0.99) 
Mother’s state of birth (ref. = N.C.)    
Other U.S. states & territories 0.75 (0.73, 0.76) 0.70 (0.69, 0.72) 0.92 (0.90, 0.95) 
Remainder of world 0.78 (0.76, 0.80) 0.81 (0.78, 0.83) 1.10 (1.05, 1.15) 
Year of birth    
2011 1.70 (1.65, 1.75) 1.70 (1.65, 1.75) 1.35 (1.24, 1.48) 
2012 1.17 (1.13, 1.21) 1.17 (1.13, 1.21) 1.10 (1.04, 1.16) 
2013 (ref.)    
2014 1.01 (0.97, 1.04) 1.02 (0.98, 1.05) 0.89 (0.84, 0.94) 
2015 0.94 (0.91, 0.97) 0.96 (0.93, 1.00) 0.89 (0.81, 0.97) 
2016 0.77 (0.74, 0.81) 0.79 (0.75, 0.83) 0.81 (0.71, 0.91) 
Residence in urbanized area (ref. = no) 0.75 (0.74, 0.77) 0.73 (0.72, 0.75) 0.94 (0.92, 0.97) 
Within 100 m of major roadway (ref. >100 
m) 
1.14 (1.09, 1.19) 1.18 (1.12, 1.24) 1.10 (1.05, 1.15) 
Public water system (ref. = not on public 
water) 
0.81 (0.80, 0.83) 0.80 (0.78, 0.82) 0.85 (0.83, 0.87) 
Within 2 km of NEI or TRI site emitting/releasing lead in past 5 years (ref. >2 km) 
NEI sites     
Low Pb (≤ median) 1.07 (1.04, 1.10) 1.10 (1.07, 1.13) 1.09 (1.06, 1.12) 
High Pb (> median) 1.26 (1.22, 1.29) 1.27 (1.23, 1.31) 1.11 (1.07, 1.14) 
TRI sites    
Low Pb (≤ median) 1.02 (0.99, 1.06) 1.06 (1.02, 1.10) 1.04 (1.00, 1.08) 
High Pb (> median) 1.26 (1.21, 1.32) 1.26 (1.21, 1.33) 1.08 (1.03, 1.14) 
% population born in state    
Q1 0.74 (0.71, 0.77) 0.73 (0.70, 0.76) 0.89 (0.86, 0.94) 
Q2 0.84 (0.82, 0.87) 0.83 (0.80, 0.86) 0.94 (0.90, 0.97) 
Q3 (ref.)    
Q4 1.30 (1.26, 1.33) 1.31 (1.28, 1.35) 1.14 (1.10, 1.17) 
Q5 1.39 (1.35, 1.43) 1.41 (1.37, 1.45) 1.15 (1.11, 1.18) 
% vacant housing    




Q2 0.94 (0.91, 0.97) 0.93 (0.89, 0.96) 1.01 (0.98, 1.04) 
Q3 (ref.)    
Q4 1.14 (1.10, 1.17) 1.15 (1.12, 1.19) 1.05 (1.02, 1.09) 
Q5 1.31 (1.28, 1.35) 1.33 (1.29, 1.37) 1.14 (1.11, 1.17) 
% housing built before 1940    
Q1 0.78 (0.76, 0.80) 0.77 (0.74, 0.79) 0.91 (0.86, 0.97) 
Q2 0.90 (0.86, 0.93) 0.88 (0.85, 0.92) 0.98 (0.92, 1.04) 
Q3 (ref.)    
Q4 1.15 (1.12, 1.19) 1.17 (1.13, 1.21) 1.05 (0.99, 1.12) 
Q5 1.36 (1.31, 1.40) 1.38 (1.33, 1.42) 1.18 (1.11, 1.25) 
% housing built before 1950    
Q1 0.77 (0.74, 0.80) 0.77 (0.74, 0.80) 1.00 (0.95, 1.05) 
Q2 0.87 (0.84, 0.90) 0.87 (0.84, 0.90) 1.02 (0.98, 1.06) 
Q3 (ref.)    
Q4 1.18 (1.14, 1.22) 1.21 (1.17, 1.25) 1.03 (1.00, 1.07) 
Q5 1.40 (1.36, 1.44) 1.42 (1.38, 1.47) 1.10 (1.05, 1.14) 
Selected interactions (ref. = Q3 median home value, Q3 housing built before 1940) 
Q1 housing built before 1940 (least), 
Q1 median home value (lowest) 
  
1.12 (1.04, 1.20) 
Q1 housing built before 1940 (least), 
Q5 median home value (highest) 
  
1.07 (0.99, 1.14) 
Q5 housing built before 1940 (most), 
Q1 median home value (lowest) 
  
0.95 (0.90, 1.01) 
Q5 housing built before 1940 (most), 
Q5 median home value (highest) 
  
1.06 (0.97, 1.17) 
Age at test (months, continuous) 1.08 (1.08, 1.08) 1.08 (1.08, 1.08) 1.08 (1.08, 1.08) 
Laboratory test v. point of care test 1.15 (1.12, 1.18) 1.14 (1.11, 1.17) 1.11 (1.08, 1.13) 
Season (ref. = winter)    
fall 1.25 (1.21, 1.28) 1.22 (1.19, 1.26) 1.12 (1.08, 1.15) 
spring 1.09 (1.06, 1.12) 1.08 (1.04, 1.11) 1.09 (1.06, 1.12) 
summer 1.27 (1.24, 1.30) 1.25 (1.21, 1.28) 1.19 (1.16, 1.23) 
Year of test    
2011 1.38 (1.13, 1.69) 1.44 (1.16, 1.79) 2.12 (1.68, 2.68) 
2012 1.31 (1.27, 1.36) 1.32 (1.28, 1.37) 1.41 (1.29, 1.54) 
2013 1.08 (1.05, 1.12) 1.10 (1.06, 1.14) 1.03 (0.98, 1.09) 
2014 (ref.)    
2015 0.86 (0.83, 0.89) 0.86 (0.83, 0.89) 1.00 (0.95, 1.06) 
2016 0.95 (0.92, 0.98) 0.99 (0.96, 1.03) 1.19 (1.09, 1.31) 
2017 0.82 (0.79, 0.86) 0.85 (0.81, 0.88) 0.98 (0.87, 1.11) 
2018 1.77 (1.68, 1.88) 1.81 (1.70, 1.92) 1.18 (1.00, 1.39) 
aInverse-Probability 
bFull model included all variables listed in this table 






Table 4.4. Results of sensitivity analyses: population restrictions and exclusions.  
All models inverse-probability weighted and include all variables listed in this table. 
 same address at 
birth and testing 
same zip at birth 
and testing 
same city at 
birth and testing 
same county at 
birth and testing 




Model information     
Model c-statistic 0.702 0.705 0.706 0.704 0.697 
N 219,901 269,077 279,168 329,500 377,251 
Weighted N 347,377 415,287 431,396 506,116 573,997 
Predictor RR (95% CI)a RR (95% CI)a RR (95% CI)a RR (95% CI)a RR (95% CI)a 
Child sex at birth (ref. = male)     
female 0.94 (0.91, 0.96) 0.93 (0.91, 0.95) 0.94 (0.91, 0.96) 0.93 (0.91, 0.95) 0.93 (0.91, 0.95) 
Payment (insurance) at delivery (ref. = Private or other)    
Medicaid 1.37 (1.32, 1.42) 1.36 (1.32, 1.40) 1.35 (1.31, 1.39) 1.35 (1.31, 1.39) 1.33 (1.30, 1.37) 
Self-pay 1.28 (1.20, 1.37) 1.30 (1.23, 1.38) 1.30 (1.23, 1.37) 1.31 (1.24, 1.38) 1.29 (1.23, 1.36) 
Reported smoking before or during pregnancy (ref. = none)    
1.16 (1.11, 1.20) 1.14 (1.11, 1.18) 1.15 (1.11, 1.18) 1.14 (1.11, 1.17) 1.14 (1.11, 1.17) 
Maternal age at delivery     
≤20 yrs. 1.17 (1.11, 1.22) 1.17 (1.12, 1.21) 1.17 (1.12, 1.21) 1.17 (1.13, 1.21) 1.17 (1.13, 1.20) 
21-25 yrs. 1.07 (1.03, 1.11) 1.07 (1.03, 1.10) 1.07 (1.03, 1.10) 1.08 (1.05, 1.11) 1.09 (1.06, 1.12) 
26 – 30 yrs. (ref.)     
31-35 yrs. 0.95 (0.91, 1.00) 0.95 (0.91, 0.99) 0.94 (0.90, 0.98) 0.95 (0.92, 0.98) 0.96 (0.93, 0.99) 
>35 yrs. 1.02 (0.97, 1.08) 1.01 (0.96, 1.06) 1.00 (0.96, 1.05) 1.01 (0.96, 1.05) 1.00 (0.96, 1.05) 
Maternal Hispanic ethnicity (ref. = non-Hispanic)     
0.79 (0.72, 0.86) 0.77 (0.71, 0.84) 0.78 (0.72, 0.84) 0.79 (0.73, 0.84) 0.79 (0.74, 0.85) 
Maternal race (ref. = white)     
American 
Indian 1.15 (1.05, 1.26) 1.12 (1.04, 1.21) 1.10 (1.02, 1.20) 1.14 (1.06, 1.23) 1.09 (1.02, 1.16) 
Asian 1.28 (1.17, 1.40) 1.30 (1.20, 1.41) 1.31 (1.22, 1.42) 1.35 (1.25, 1.45) 1.34 (1.25, 1.43) 
Black 0.99 (0.95, 1.02) 0.99 (0.96, 1.02) 0.98 (0.95, 1.01) 0.98 (0.95, 1.01) 0.97 (0.95, 1.00) 
other non-
White 0.92 (0.84, 1.01) 0.92 (0.85, 0.99) 0.90 (0.84, 0.98) 0.92 (0.85, 0.99) 0.92 (0.86, 0.99) 




0.94 (0.90, 0.97) 0.93 (0.90, 0.96) 0.94 (0.92, 0.97) 0.93 (0.90, 0.95) 0.93 (0.91, 0.95) 
Remainder of 
world 1.16 (1.08, 1.23) 1.15 (1.08, 1.22) 1.18 (1.11, 1.25) 1.14 (1.09, 1.20) 1.12 (1.07, 1.18) 
Year of birth      
2011 1.17 (1.02, 1.34) 1.17 (1.05, 1.31) 1.18 (1.05, 1.31) 1.12 (1.01, 1.24) 1.36 (1.24, 1.48) 
2012 1.00 (0.93, 1.08) 1.01 (0.94, 1.08) 1.01 (0.95, 1.08) 1.00 (0.94, 1.06) 1.09 (1.04, 1.16) 
2013 (ref.)      
2014 0.94 (0.86, 1.02) 0.93 (0.86, 1.00) 0.94 (0.88, 1.01) 0.95 (0.89, 1.02) 0.89 (0.84, 0.95) 
2015 1.02 (0.89, 1.16) 0.99 (0.89, 1.12) 1.03 (0.92, 1.15) 1.01 (0.91, 1.12) 0.90 (0.82, 0.98) 
2016 1.00 (0.83, 1.21) 0.97 (0.83, 1.14) 1.00 (0.86, 1.17) 1.00 (0.86, 1.15) 0.81 (0.71, 0.92) 
Residence in 
urbanized area  
0.93 (0.89, 0.96) 0.93 (0.90, 0.95) 0.93 (0.90, 0.96) 0.94 (0.91, 0.96) 0.93 (0.90, 0.95) 
Within 100m of 
major roadway 1.09 (1.01, 1.17) 1.10 (1.03, 1.16) 1.09 (1.03, 1.15) 1.10 (1.04, 1.16) 1.09 (1.04, 1.14) 
Public water system (ref. = not on public water)     
0.81 (0.78, 0.84) 0.83 (0.80, 0.86) 0.82 (0.79, 0.85) 0.83 (0.80, 0.85) 0.87 (0.84, 0.89) 
£2 km from ³1 NEI site     
Low Pb  1.15 (1.10, 1.20) 1.13 (1.09, 1.17) 1.13 (1.09, 1.17) 1.11 (1.07, 1.15) 1.09 (1.06, 1.13) 




£2 km from ³1 TRI site     
Low Pb  1.02 (0.96, 1.09) 1.03 (0.98, 1.08) 1.02 (0.97, 1.07) 1.03 (0.99, 1.08) 1.02 (0.98, 1.07) 
High Pb  1.09 (1.02, 1.17) 1.09 (1.03, 1.15) 1.10 (1.04, 1.16) 1.10 (1.04, 1.16) 1.08 (1.03, 1.14) 
% population born in state     
Q1 0.89 (0.83, 0.95) 0.89 (0.84, 0.94) 0.86 (0.82, 0.91) 0.89 (0.84, 0.93) 0.89 (0.85, 0.93) 
Q2 0.92 (0.88, 0.97) 0.94 (0.89, 0.98) 0.93 (0.89, 0.97) 0.94 (0.90, 0.98) 0.94 (0.91, 0.98) 
Q3 (ref.)      
Q4 1.18 (1.13, 1.23) 1.16 (1.12, 1.20) 1.14 (1.10, 1.19) 1.15 (1.11, 1.19) 1.13 (1.10, 1.17) 
Q5 1.13 (1.08, 1.19) 1.15 (1.10, 1.19) 1.14 (1.10, 1.19) 1.15 (1.11, 1.19) 1.14 (1.11, 1.18) 
% vacant housing     
Q1 0.94 (0.88, 0.99) 0.94 (0.89, 0.98) 0.92 (0.88, 0.97) 0.93 (0.89, 0.98) 0.97 (0.93, 1.01) 
Q2 1.04 (0.99, 1.09) 1.02 (0.98, 1.06) 1.02 (0.98, 1.06) 1.02 (0.98, 1.06) 1.02 (0.99, 1.06) 
Q3 (ref.)      
Q4 1.05 (1.00, 1.09) 1.06 (1.02, 1.10) 1.05 (1.01, 1.09) 1.06 (1.02, 1.09) 1.06 (1.03, 1.09) 
Q5 1.15 (1.10, 1.20) 1.17 (1.13, 1.21) 1.15 (1.11, 1.19) 1.15 (1.12, 1.19) 1.15 (1.11, 1.18) 
% housing built before 1940     
Q1 0.94 (0.87, 1.03) 0.93 (0.86, 1.01) 0.93 (0.86, 1.00) 0.91 (0.85, 0.98) 0.96 (0.90, 1.02) 
Q2 0.95 (0.87, 1.04) 0.95 (0.87, 1.03) 0.97 (0.89, 1.05) 0.96 (0.89, 1.03) 1.01 (0.94, 1.08) 
Q3 (ref.)      
Q4 1.03 (0.95, 1.12) 1.06 (0.99, 1.14) 1.06 (0.99, 1.14) 1.04 (0.97, 1.11) 1.06 (0.99, 1.12) 
Q5 1.19 (1.10, 1.30) 1.20 (1.12, 1.29) 1.25 (1.17, 1.35) 1.19 (1.11, 1.27) 1.18 (1.11, 1.25) 
% housing built before 1950     
Q1 1.02 (0.95, 1.09) 1.00 (0.94, 1.06) 0.98 (0.92, 1.04) 0.97 (0.92, 1.03) 0.98 (0.93, 1.03) 
Q2 1.01 (0.96, 1.07) 1.01 (0.97, 1.06) 1.01 (0.96, 1.06) 1.00 (0.96, 1.04) 1.00 (0.96, 1.04) 
Q3 (ref.)      
Q4 1.05 (1.00, 1.10) 1.04 (0.99, 1.08) 1.02 (0.98, 1.06) 1.03 (0.99, 1.06) 1.03 (1.00, 1.07) 
Q5 1.13 (1.07, 1.20) 1.11 (1.05, 1.16) 1.08 (1.02, 1.14) 1.08 (1.03, 1.13) 1.10 (1.06, 1.15) 






























1.12 (0.99, 1.27) 1.11 (1.00, 1.25) 1.07 (0.96, 1.19) 1.09 (0.98, 1.20) 1.05 (0.96, 1.15) 
Age at test (months, continuous)     




Laboratory test v. point of care test     
1.07 (1.04, 1.11) 1.08 (1.05, 1.12) 1.06 (1.02, 1.09) 1.07 (1.04, 1.10) 1.08 (1.05, 1.11) 
Season (ref. = winter)     
fall 1.12 (1.07, 1.17) 1.11 (1.07, 1.15) 1.11 (1.07, 1.15) 1.10 (1.07, 1.14) 1.12 (1.09, 1.16) 
spring 1.08 (1.04, 1.13) 1.08 (1.04, 1.12) 1.09 (1.05, 1.12) 1.08 (1.04, 1.11) 1.09 (1.06, 1.13) 
summer 1.17 (1.12, 1.22) 1.17 (1.12, 1.21) 1.18 (1.14, 1.22) 1.18 (1.14, 1.22) 1.2 (1.16, 1.23) 
Year of test      
2011 2.66 (1.97, 3.59) 2.46 (1.86, 3.27) 2.54 (1.92, 3.36) 2.54 (1.97, 3.28) 2.10 (1.65, 2.66) 
2012 1.61 (1.41, 1.84) 1.63 (1.46, 1.82) 1.64 (1.47, 1.83) 1.69 (1.53, 1.86) 1.39 (1.27, 1.52) 
2013 1.11 (1.02, 1.20) 1.12 (1.04, 1.19) 1.11 (1.04, 1.19) 1.13 (1.07, 1.20) 1.03 (0.97, 1.08) 
2014 (ref.)      
2015 0.94 (0.87, 1.02) 0.95 (0.89, 1.02) 0.94 (0.88, 1.01) 0.93 (0.87, 0.99) 0.99 (0.94, 1.05) 
2016 1.03 (0.90, 1.18) 1.04 (0.93, 1.17) 1.02 (0.91, 1.14) 1.01 (0.92, 1.12) 1.18 (1.08, 1.30) 
2017 0.80 (0.67, 0.97) 0.82 (0.70, 0.96) 0.78 (0.67, 0.90) 0.78 (0.68, 0.90) 0.97 (0.86, 1.10) 
2018 0.89 (0.69, 1.14) 0.92 (0.74, 1.13) 0.87 (0.71, 1.07) 0.88 (0.73, 1.05) 1.17 (0.99, 1.38) 
aRisk ratio; 95% confidence intervals calculated using robust standard errors to account for tested children living 






Table 4.5. Results of sensitivity analyses: alternative TRI & NEI exposure definitions 
All models inverse-probability weighted and include all variables listed in this table. 
 <1 km from 
TRI/NEI, 5 years 
pre-birth 
<2 km from 
TRI/NEI, 1 year 
pre-birth 




Model information     
Model c-statistic 0.697 0.698 0.698  
N 398,584 398,584 398,584 398,584 
Weighted N 619,440 619,440 619,440 619,440 
Predictor RR (95% CI)a RR (95% CI)a RR (95% CI)a RR (95% CI)a 
Child sex at birth (ref. = male)     
female 0.93 (0.91, 0.95) 0.93 (0.91, 0.95) 0.93 (0.91, 0.95) 0.93 (0.91, 0.95) 
Payment (insurance) at delivery (ref. = Private or other)   
Medicaid 1.35 (1.32, 1.39) 1.35 (1.32, 1.39) 1.35 (1.32, 1.39) 1.35 (1.32, 1.39) 
Self-pay 1.30 (1.24, 1.36) 1.30 (1.24, 1.36) 1.30 (1.24, 1.36) 1.30 (1.24, 1.36) 
Reported smoking before or during pregnancy (ref. = none)    
1.14 (1.12, 1.17) 1.14 (1.12, 1.17) 1.14 (1.12, 1.17) 1.15 (1.12, 1.17) 
Maternal age at delivery     
≤20 yrs. 1.16 (1.13, 1.20) 1.16 (1.13, 1.20) 1.16 (1.13, 1.20) 1.16 (1.13, 1.20) 
21-25 yrs. 1.07 (1.05, 1.10) 1.07 (1.05, 1.10) 1.07 (1.05, 1.10) 1.07 (1.05, 1.10) 
26 – 30 yrs. (ref.)     
31-35 yrs. 0.96 (0.93, 1.00) 0.97 (0.93, 1.00) 0.97 (0.93, 1.00) 0.96 (0.93, 1.00) 
>35 yrs. 1.01 (0.97, 1.05) 1.01 (0.97, 1.05) 1.01 (0.97, 1.05) 1.01 (0.97, 1.05) 
Maternal Hispanic ethnicity (ref. 
= non-Hispanic) 0.81 (0.76, 0.87) 0.81 (0.76, 0.87) 0.81 (0.76, 0.87) 0.82 (0.76, 0.87) 
Maternal race (ref. = white)     
American Indian 1.09 (1.02, 1.16) 1.10 (1.03, 1.17) 1.10 (1.03, 1.17) 1.09 (1.02, 1.16) 
Asian 1.33 (1.24, 1.42) 1.33 (1.24, 1.42) 1.33 (1.24, 1.42) 1.33 (1.25, 1.43) 
Black 0.98 (0.96, 1.01) 0.98 (0.96, 1.01) 0.98 (0.96, 1.01) 0.98 (0.96, 1.01) 
other non-White 0.92 (0.86, 0.98) 0.92 (0.86, 0.98) 0.92 (0.86, 0.99) 0.92 (0.86, 0.98) 
Mother’s state of birth (ref. = N.C.)    
Other U.S. states & territories 0.92 (0.90, 0.95) 0.92 (0.90, 0.95) 0.92 (0.90, 0.95) 0.92 (0.90, 0.95) 
Remainder of world 1.10 (1.05, 1.15) 1.10 (1.05, 1.15) 1.10 (1.05, 1.15) 1.10 (1.05, 1.15) 
Year of birth     
2011 1.35 (1.24, 1.48) 1.32 (1.21, 1.44) 1.35 (1.24, 1.48) 1.35 (1.24, 1.48) 
2012 1.10 (1.04, 1.16) 1.08 (1.02, 1.14) 1.10 (1.04, 1.16) 1.10 (1.04, 1.16) 
2013 (ref.)     
2014 0.89 (0.84, 0.94) 0.87 (0.82, 0.92) 0.89 (0.84, 0.94) 0.89 (0.84, 0.95) 
2015 0.89 (0.81, 0.97) 0.87 (0.79, 0.95) 0.89 (0.81, 0.97) 0.89 (0.82, 0.97) 
2016 0.81 (0.71, 0.92) 0.81 (0.71, 0.92) 0.81 (0.71, 0.91) 0.81 (0.72, 0.92) 
Residence in urbanized area 0.96 (0.93, 0.98) 0.95 (0.92, 0.97) 0.94 (0.92, 0.97) 0.96 (0.94, 0.99) 
Within 100 m of major roadway 1.10 (1.05, 1.16) 1.10 (1.05, 1.15) 1.10 (1.05, 1.15) 1.10 (1.05, 1.16) 
Public water system (ref.=not on 
public water) 0.86 (0.83, 0.88) 0.85 (0.83, 0.88) 0.85 (0.83, 0.87) 0.86 (0.84, 0.88) 
NEI site(s)     
Low Pb  1.12 (1.08, 1.17) 1.08 (1.05, 1.12) 1.10 (1.07, 1.14)  
High Pb  1.13 (1.08, 1.20) 1.11 (1.07, 1.15) 1.11 (1.08, 1.14) 1.12 (1.05, 1.18) 
TRI site(s)     
Low Pb  1.02 (0.94, 1.09) 1.04 (0.99, 1.08) 1.01 (0.97, 1.05)  
High Pb  1.02 (0.92, 1.13) 1.14 (1.08, 1.21) 1.03 (0.99, 1.07) 1.03 (0.89, 1.19) 
% population born in state     
Q1 0.89 (0.85, 0.93) 0.89 (0.85, 0.93) 0.89 (0.86, 0.94) 0.89 (0.85, 0.93) 
Q2 0.94 (0.90, 0.97) 0.94 (0.90, 0.97) 0.94 (0.90, 0.97) 0.94 (0.90, 0.97) 
Q3 (ref.)     




Q5 1.15 (1.11, 1.19) 1.15 (1.11, 1.18) 1.15 (1.11, 1.19) 1.14 (1.11, 1.18) 
% vacant housing     
Q1 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 
Q2 1.01 (0.97, 1.04) 1.01 (0.98, 1.04) 1.01 (0.98, 1.04) 1.01 (0.97, 1.04) 
Q3 (ref.)     
Q4 1.05 (1.02, 1.08) 1.05 (1.02, 1.09) 1.05 (1.02, 1.09) 1.06 (1.02, 1.09) 
Q5 1.14 (1.11, 1.18) 1.14 (1.11, 1.17) 1.14 (1.11, 1.18) 1.14 (1.11, 1.18) 
% housing built before 1940     
Q1 0.91 (0.86, 0.97) 0.91 (0.86, 0.97) 0.91 (0.86, 0.97) 0.91 (0.86, 0.97) 
Q2 0.98 (0.92, 1.05) 0.98 (0.92, 1.04) 0.98 (0.92, 1.04) 0.98 (0.91, 1.04) 
Q3 (ref.)     
Q4 1.05 (0.99, 1.12) 1.05 (0.99, 1.12) 1.05 (0.99, 1.12) 1.05 (0.99, 1.11) 
Q5 1.18 (1.11, 1.25) 1.18 (1.11, 1.25) 1.18 (1.11, 1.25) 1.18 (1.11, 1.25) 
% housing built before 1950     
Q1 0.99 (0.94, 1.04) 0.99 (0.95, 1.04) 1.00 (0.95, 1.05) 0.99 (0.94, 1.04) 
Q2 1.01 (0.97, 1.05) 1.01 (0.98, 1.05) 1.02 (0.98, 1.06) 1.01 (0.97, 1.05) 
Q3 (ref.)     
Q4 1.03 (1.00, 1.07) 1.03 (1.00, 1.07) 1.03 (1.00, 1.07) 1.04 (1.00, 1.07) 
Q5 1.11 (1.06, 1.16) 1.10 (1.06, 1.15) 1.10 (1.05, 1.14) 1.12 (1.07, 1.16) 
Selected interactions (ref. = Q3 median home value, Q3 housing built before 1950)  
Q1 housing built before 1940 
(least), Q1 median home 
value (lowest) 
1.12 (1.05, 1.20) 1.12 (1.05, 1.20) 1.12 (1.04, 1.19) 1.13 (1.05, 1.21) 
Q1 housing built before 1940 
(least), Q5 median home 
value (highest) 
1.06 (0.99, 1.14) 1.07 (1.00, 1.14) 1.06 (0.99, 1.14) 1.06 (0.99, 1.14) 
Q5 housing built before 1940 
(most), Q1 median home 
value (lowest) 
0.95 (0.90, 1.00) 0.95 (0.90, 1.01) 0.95 (0.90, 1.01) 0.95 (0.90, 1.01) 
Q5 housing built before 1940 
(most), Q5 median home 
value (highest) 
1.06 (0.97, 1.16) 1.06 (0.97, 1.17) 1.06 (0.97, 1.16) 1.06 (0.97, 1.17) 
Age at test (months, continuous) 1.08 (1.08, 1.08) 1.08 (1.08, 1.08) 1.08 (1.08, 1.08) 1.08 (1.08, 1.08) 
Laboratory test v. point of care 
test 1.11 (1.08, 1.14) 1.11 (1.08, 1.14) 1.11 (1.08, 1.13) 1.11 (1.08, 1.14) 
Season (ref. = winter)     
fall 1.12 (1.08, 1.15) 1.12 (1.08, 1.15) 1.12 (1.08, 1.15) 1.12 (1.08, 1.15) 
spring 1.09 (1.06, 1.12) 1.09 (1.06, 1.12) 1.09 (1.06, 1.12) 1.09 (1.06, 1.12) 
summer 1.19 (1.16, 1.23) 1.19 (1.16, 1.23) 1.19 (1.16, 1.23) 1.19 (1.16, 1.23) 
Year of test     
2011 2.11 (1.67, 2.67) 2.12 (1.68, 2.68) 2.12 (1.67, 2.68) 2.12 (1.67, 2.68) 
2012 1.41 (1.29, 1.54) 1.41 (1.29, 1.54) 1.41 (1.29, 1.54) 1.41 (1.29, 1.54) 
2013 1.03 (0.98, 1.09) 1.03 (0.98, 1.09) 1.03 (0.98, 1.09) 1.03 (0.98, 1.09) 
2014 (ref.)     
2015 1.00 (0.95, 1.06) 1.00 (0.95, 1.06) 1.00 (0.95, 1.06) 1.00 (0.95, 1.06) 
2016 1.19 (1.09, 1.31) 1.19 (1.09, 1.31) 1.19 (1.09, 1.31) 1.19 (1.09, 1.31) 
2017 0.98 (0.87, 1.11) 0.98 (0.87, 1.11) 0.98 (0.87, 1.11) 0.98 (0.87, 1.11) 
2018 1.18 (1.00, 1.39) 1.18 (1.00, 1.40) 1.18 (1.00, 1.39) 1.18 (1.00, 1.39) 
aRisk ratio; 95% confidence intervals calculated using robust standard errors to account for tested children living 






Table 4.6. Results of sensitivity analyses: alternative outcomes 
 Outcome: ≥ 3 
µg/dL at any age 
Outcome: ≥ 5 ug/dL 
at <30 months 
Model information   
Model c-statistic 0.655 0.693 
N 415,384 398,584 
Weighted N 646,885 619,440 
Predictor RR (95% CI)a RR (95% CI)a 
Child sex at birth (ref. = male)   
female 0.92 (0.90, 0.94) 0.91 (0.87, 0.95) 
Payment (insurance) at delivery (ref. = Private or other)  
Medicaid 1.37 (1.34, 1.40) 1.39 (1.32, 1.47) 
Self-pay 1.29 (1.23, 1.35) 1.38 (1.25, 1.51) 
Reported smoking before or during pregnancy (ref. = none) 1.16 (1.13, 1.19) 1.20 (1.14, 1.27) 
Maternal age at delivery   
≤20 yrs. 1.17 (1.14, 1.21) 1.09 (1.02, 1.17) 
21-25 yrs. 1.07 (1.05, 1.10) 1.06 (1.00, 1.12) 
26 – 30 yrs. (ref.)   
31-35 yrs. 0.96 (0.93, 0.99) 0.97 (0.91, 1.04) 
>35 yrs. 1.01 (0.97, 1.05) 0.98 (0.90, 1.07) 
Maternal Hispanic ethnicity (ref. = non-Hispanic) 0.81 (0.76, 0.86) 0.78 (0.68, 0.90) 
Maternal race (ref. = white)   
American Indian 1.14 (1.07, 1.21) 0.91 (0.79, 1.06) 
Asian 1.36 (1.27, 1.45) 1.61 (1.42, 1.82) 
Black 1.00 (0.97, 1.02) 0.88 (0.83, 0.93) 
other non-White 0.93 (0.87, 0.99) 0.97 (0.84, 1.11) 
Mother’s state of birth (ref. = N.C.)   
Other U.S. states & territories 0.91 (0.89, 0.93) 0.95 (0.90, 1.00) 
Remainder of world 1.11 (1.06, 1.16) 1.11 (1.01, 1.22) 
Year of birth   
2011 1.37 (1.27, 1.49) 1.35 (1.11, 1.63) 
2012 1.05 (1.00, 1.11) 1.07 (0.95, 1.20) 
2013 (ref.)   
2014 1.13 (1.07, 1.19) 0.94 (0.83, 1.06) 
2015 1.13 (1.04, 1.24) 0.91 (0.75, 1.10) 
2016 1.11 (0.98, 1.25) 0.83 (0.64, 1.08) 
Residence in urbanized area  0.95 (0.93, 0.97) 0.90 (0.85, 0.95) 
Within 100 m of major roadway 1.11 (1.06, 1.16) 1.16 (1.05, 1.27) 
Public water system (ref. = not on public water) 0.85 (0.83, 0.88) 0.87 (0.82, 0.92) 
£2 km from ³1 NEI site   
Low Pb  1.09 (1.06, 1.12) 1.08 (1.01, 1.14) 
High Pb  1.11 (1.08, 1.14) 1.11 (1.04, 1.18) 
£2 km from ³1 TRI site   
Low Pb  1.04 (1.00, 1.09) 1.06 (0.98, 1.15) 
High Pb  1.08 (1.03, 1.13) 1.01 (0.92, 1.12) 
% population born in state   
Q1 0.87 (0.83, 0.91) 1.07 (0.98, 1.17) 
Q2 0.91 (0.88, 0.95) 1.00 (0.93, 1.07) 
Q3 (ref.)   
Q4 1.14 (1.11, 1.17) 1.12 (1.06, 1.20) 
Q5 1.15 (1.12, 1.19) 1.13 (1.06, 1.21) 
% vacant housing   
Q1 0.95 (0.92, 0.99) 0.99 (0.91, 1.08) 
Q2 1.01 (0.98, 1.05) 1.01 (0.94, 1.09) 




Q4 1.04 (1.01, 1.08) 1.06 (0.99, 1.12) 
Q5 1.14 (1.11, 1.18) 1.15 (1.08, 1.23) 
% housing built before 1940   
Q1 0.91 (0.86, 0.97) 0.87 (0.77, 0.99) 
Q2 0.99 (0.93, 1.06) 0.89 (0.77, 1.03) 
Q3 (ref.)   
Q4 1.05 (0.99, 1.12) 1.02 (0.90, 1.16) 
Q5 1.17 (1.11, 1.24) 1.11 (0.98, 1.27) 
% housing built before 1950   
Q1 1.00 (0.95, 1.04) 0.98 (0.88, 1.08) 
Q2 1.01 (0.97, 1.05) 1.03 (0.95, 1.11) 
Q3 (ref.)   
Q4 1.03 (1.00, 1.07) 1.09 (1.02, 1.17) 
Q5 1.10 (1.05, 1.14) 1.18 (1.08, 1.29) 
Selected interactions (ref. = Q3 median home value, Q3 housing built before 1950) 
Q1 housing built before 1940 (least), Q1 median home value 
(lowest) 
1.11 (1.04, 1.19) 1.32 (1.14, 1.53) 
Q1 housing built before 1940 (least), Q5 median home value 
(highest) 
1.06 (1.00, 1.14) 1.11 (0.96, 1.28) 
Q5 housing built before 1940 (most), Q1 median home value 
(lowest) 
0.96 (0.90, 1.01) 1.16 (1.03, 1.31) 
Q5 housing built before 1940 (most), Q5 median home value 
(highest) 
1.04 (0.95, 1.13) 1.24 (1.03, 1.50) 
Age at test (months, continuous) 1.03 (1.03, 1.04) 1.09 (1.08, 1.09) 
Laboratory test v. point of care test 1.05 (1.03, 1.08) 0.99 (0.94, 1.04) 
Season (ref. = winter)   
fall 1.11 (1.07, 1.14) 1.25 (1.17, 1.33) 
spring 1.09 (1.06, 1.12) 1.14 (1.07, 1.21) 
summer 1.18 (1.14, 1.21) 1.19 (1.12, 1.27) 
Year of test   
2011 1.46 (1.16, 1.84) 1.70 (0.97, 2.98) 
2012 1.14 (1.05, 1.24) 1.33 (1.10, 1.61) 
2013 1.04 (0.98, 1.09) 1.03 (0.91, 1.15) 
2014 (ref.)   
2015 0.81 (0.77, 0.86) 1.09 (0.97, 1.22) 
2016 0.89 (0.81, 0.96) 1.23 (1.02, 1.50) 
2017 0.70 (0.62, 0.79) 0.99 (0.77, 1.29) 
2018 0.76 (0.65, 0.89) 1.13 (0.79, 1.61) 
All models inverse-probability weighted and include all variables listed in this table 
aRisk ratio; 95% confidence intervals calculated using robust standard errors to account for tested children living 






Table 4.7. Descriptive characteristics of estimated additional untested children in the 
weighted population 
 All additional projected 
untested children 
N (% of all untested 
children) 
Estimated number of additional children with 
elevated blood lead 
N (% of row) 
  
≥3 µg/dL ≥5 µg/dL 




Child sex assigned at birth 
  
female 108,288 (49%) 8,293 (7.7%) 2,100 (1.9%) 
male 113,427 (51%) 9,250 (8.2%) 2,357 (2.1%) 
Number of prenatal visits 
  
<10 50,769 (23%) 4,360 (8.6%) 1,123 (2.2%) 
10 or more 169,340 (76%) 13,053 (7.7%) 3,297 (1.9%) 
missing 1,605 (1%) 130 36 
Insurance at delivery 
  
Medicaid 67,531 (30%) 7,515 (11%) 1,866 (2.8%) 
private 127,485 (57%) 8,184 (6.4%) 2,086 (1.6%) 
self-pay 10,914 (4.9%) 935 (8.6%) 252 (2.3%) 
other 15,914 (7.2%) 926 (5.8%) 259 (1.6%) 




None 88,376 (40%) 7,024 (7.9%) 1,821 (2.1%) 
1 74,719 (34%) 5,650 (7.6%) 1,419 (1.9%) 
2 or more 58,684 (26%) 4,876 (8.3%) 1,218 (2.1%) 
missing -64 (0.03%) -6 -2 
Reported smoking before or during pregnancy 
none 197,150 (89%) 14,722 (7.5%) 3,728 (1.9%) 
any 24,546 (11%) 2,818 (11%) 728 (3.0%) 
missing 19 (0.01%) 3 
 
Maternal age at delivery 
  
≤20 yrs. 17,658 (8%) 2,020 (11%) 466 (2.6%) 
21-25 yrs. 48,421 (22%) 4,610 (9.5%) 1,152 (2.4%) 
26-30 yrs. 67,987 (31%) 5,069 (7.5%) 1,321 (1.9%) 
31-35 yrs. 59,144 (27%) 3,887 (6.6%) 1,023 (1.7%) 
>35 yrs. 28,503 (13%) 1,957 (6.9%) 495 (1.7%) 
missing 2 (0.00%) 1 
 
Maternal marital status 
  
married 157,300 (71%) 11,098 (7.1%) 2,906 (1.8%) 
unmarried 64,523 (29%) 6,460 (10%) 1,552 (2.4%) 
missing -109 (0.05%) -15 -2 
Maternal education at delivery 
 
less than HS 24,568 (11%) 2,788 (11%) 709 (2.9%) 
HS graduate 39,749 (18%) 3,933 (9.9%) 966 (2.4%) 
some college or Associate 
degree 
71,777 (32%) 5,558 (7.7%) 1,360 (1.9%) 
Bachelor's degree or higher 85,306 (38%) 5,239 (6.1%) 1,414 (1.7%) 
missing 315 (0.14%) 24 8 
WIC    
Yes 69,833 (31%) 7,279 (10%) 1,789 (2.6%) 
No 151,493 (68%) 10,230 (6.8%) 2,665 (1.8%) 
missing 389 (0.18%) 34 3 
Maternal Hispanic ethnicity 
 




non-Hispanic 198,283 (89%) 15,886 (8.0%) 4,031 (2.0%) 
missing 119 (0.05%) 15 5 
Maternal race 
  
American Indian 1,950 (0.9%) 224 (11%) 47 (2.4%) 
Asian 11,971 (5.4%) 1,235 (10%) 394 (3.3%) 
Black 46,539 (21%) 4,142 (8.9%) 922 (2.0%) 
white 146,066 (66%) 10,854 (7.4%) 2,815 (1.9%) 
other non-white 15,189 (6.9%) 1,088 (7.2%) 277 (1.8%) 
Mother’s state of birth 
  
North Carolina 80,992 (37%) 7,634 (9.4%) 1,869 (2.3%) 
other U.S. states & 
territories 
110,180 (50%) 7,294 (6.6%) 1,868 (1.7%) 
remainder of world 32,385 (15%) 2,747 (8.5%) 757 (2.3%) 
missing -1,843 (0.83%) -132 -37 
Year birth 
   
2011 39,961 (18%) 4,629 (12%) 1,065 (2.7%) 
2012 39,457 (18%) 3,160 (8.0%) 740 (1.9%) 
2013 40,863 (18%) 2,815 (6.9%) 709 (1.7%) 
2014 42,755 (19%) 3,090 (7.2%) 887 (2.1%) 
2015 39,895 (18%) 2,788 (7.0%) 768 (1.9%) 
2016 18,783 (8.5%) 1,061 (5.6%) 287 (1.5%) 
Environmental characteristics 
 
Residence in urbanized area 150,115 (68%) 10,600 (7.1%) 2,700 (1.8%) 
Not in urbanized area 71,599 (32%) 6,943 (9.7%) 1,757 (2.5%) 
Distance from major roadway    
≤100m  7,433 (3.5%) 724 (9.7%) 182 (2.4%) 
>100m  214,282 (97%) 16,819 (7.8%) 4275 (2.0%) 
Estimated 2010 public water system service population size 
≤3,300 people 7,088 (3.2%) 725 (10%) 183 (2.6%) 
3,301-10,000 people 14,624 (6.6%) 1,301 (8.9%) 314 (2.1%) 
10,001-50,000 people 42,647 (19%) 3,618 (8.5%) 988 (2.3%) 
>50,000 people 123,716 (56%) 8,607 (7.0%) 2,143 (1.7%) 
Not on public water 33,639 (15%) 3,292 (9.8%) 828 (2.5%) 




Low Pb  28,872 (13%) 2,501 (8.7%) 653 (2.3%) 




Low Pb  13,636 (6.2%) 1,190 (8.7%) 309 (2.3%) 
High Pb  8,400 (3.8%) 810 (9.6%) 192 (2.3%) 
Selected Census characteristics, categorized in quintiles 
  
Block group population 
   
Q1 38,041 (17%) 3,776 (9.9%) 984 (2.6%) 
Q2 40,458 (18%) 3,504 (8.7%) 904 (2.2%) 
Q3 43,444 (20%) 3,503 (8.1%) 882 (2.0%) 
Q4 46,959 (21%) 3,435 (7.3%) 838 (1.8%) 
Q5 52,812 (24%) 3,324 (6.3%) 849 (1.6%) 
% tract group population born in state 
  
Q1 68,915 (31%) 4,164 (6.0%) 1,177 (1.7%) 
Q2 49,781 (22%) 3,282 (6.6%) 825 (1.7%) 
Q3 39,148 (18%) 3,093 (7.9%) 755 (1.9%) 
Q4 34,216 (15%) 3,629 (11%) 855 (2.5%) 
Q5 29,659 (13%) 3,375 (11%) 847 (2.9%) 
% block group population Asian   
Q1 31,543 (14%) 3,586 (11%) 878 (2.8%) 




Q3 45,929 (21%) 3,519 (7.7%) 911 (2.0%) 
Q4 51,771 (23%) 3,302 (6.4%) 804 (1.6%) 
Q5 53,897 (24%) 3,583 (6.6%) 982 (1.8%) 
% block group population Black 
  
Q1 41,713 (19%) 3,448 (8.3%) 871 (2.1%) 
Q2 49,640 (22%) 3,401 (6.9%) 918 (1.8%) 
Q3 49,248 (22%) 3,744 (7.6%) 934 (1.9%) 
Q4 45,485 (22%) 3,673 (8.1%) 974 (2.1%) 
Q5 35,629 (16%) 3,276 (9.2%) 759 (2.1%) 
% block group population Hispanic or Latino 
  
Q1 38,290 (17%) 3,505 (9.2%) 847 (2.2%) 
Q2 47,737 (22%) 3,698 (7.7%) 988 (2.1%) 
Q3 49,806 (22%) 3,732 (7.5%) 984 (2.0%) 
Q4 47,954 (22%) 3,697 (7.7%) 954 (2.0%) 
Q5 37,930 (17%) 2,911 (7.7%) 684 (1.8%) 
% block group population white 
  
Q1 35,415 (16%) 3,133 (8.8%) 736 (2.1%) 
Q2 44,309 (20%) 3,719 (8.4%) 998 (2.3%) 
Q3 49,825 (22%) 3,656 (7.3%) 941 (1.9%) 
Q4 49,842 (22%) 3,578 (7.2%) 932 (1.9%) 
Q5 42,325 (19%) 3,458 (8.2%) 850 (2.0%) 
% population >25 years who have not completed high school 
  
Q1 63,875 (29%) 3,982 (6.2%) 1,113 (1.7%) 
Q2 50,572 (23%) 3,544 (7.0%) 860 (1.7%) 
Q3 40,968 (18%) 3,310 (8.1%) 834 (2.0%) 
Q4 35,566 (16%) 3,415 (9.6%) 828 (2.3%) 
Q5 30,740 (14%) 3,292 (11%) 822 (2.7%) 
% block group housing units vacant 
  
Q1 57,353 (26%) 3,454 (6.0%) 878 (1.5%) 
Q2 47,191 (21%) 3,445 (7.3%) 832 (1.8%) 
Q3 42,765 (19%) 3,369 (7.9%) 858 (2.0%) 
Q4 38,256 (17%) 3,496 (9.1%) 893 (2.3%) 
Q5 36,164 (16%) 3,780 (10%) 996 (2.8%) 
% block group housing units built before 1940 
 
Q1 (0%) 97,310 (44%) 6,316 (6.5%) 1,591 (1.6%) 
Q2 36,281 (16%) 2,639 (7.3%) 675 (1.9%) 
Q3  31,548 (14%) 2,596 (8.2%) 613 (1.9%) 
Q4 28,607 (13%) 2,784 (9.7%) 693 (2.4%) 
Q5 27,976 (13%) 3,208 (11%) 885 (3.2%) 
% block group housing units built before 1950 
 
Q1 64,973 (29%) 4,093 (6.3%) 1,031 (1.6%) 
Q2 47,318 (21%) 3,239 (6.8%) 825 (1.7%) 
Q3 40,502 (18%) 3,102 (7.7%) 735 (1.8%) 
Q4 34,596 (16%) 3,321 (9.6%) 848 (2.5%) 
Q5 34,333 (15%) 3,788 (11%) 1,018 (3.0%) 






Figure 4.1. Estimated number of additional untested children in each North Carolina 
county 2011-2018 a) total, b) with blood lead ≥3 µg/dL at <30 months of age, c) with blood 
































































CHAPTER 5: AIM 2. A CASE STUDY OF INDUSTRIAL LEAD POLLUTION AND 
CHILDREN’S BLOOD LEAD LEVELS IN FORSYTH COUNTY, NORTH CAROLINA 
 
5.1 Background 
Lead is universally acknowledged to be toxic to humans. There is no safe level of lead 
exposure. In adults, lead exposure is related to hypertension, increased risk of cardiovascular and 
ischemic heart disease mortality, and in pregnant women, it has been linked to adverse birth 
outcomes.14,166,170 Lead is neurotoxic, and in children, even very low levels of lead measured in 
blood are associated with behavioral problems and poorer outcomes on cognitive 
tests.109,166,252,253 Moreover, these effects may be irreversible,243 making prevention of childhood 
lead exposure of utmost importance. The key obstacle to protecting children from lead exposure 
is the failure to identify and remove lead hazards.  
Lead in a child’s outdoor environment is an important potential source of lead exposure. 
Children who play outside and/or ingest soil and dirt are at risk of elevated blood lead.48,57,58 Soil 
lead measured in a child’s yard is significantly correlated with their blood lead level,58,103,104,136-
138 though researchers in New Orleans found that levels of lead measured in soil near residential 
streets was a stronger predictor of children’s BLLs than lead in soil sampled next to home 
foundations, busy streets, and in open spaces in a child’s neighborhood.140 
The exposure response relationship between lead in the environment and lead measured 
in children’s blood is steepest at lowest levels.143,146,148,150 Moreover, young children are 




the ground, ingesting lead through normal hand to mouth behavior,48 and because their bodies 
absorb about 50% of ingested lead, compared to about 6% in adults.11 
Lead emitted or released during production or industrial activity can extend into the 
residential neighborhoods that border these facilities.14,120 Soil and dust measured in 
neighborhoods and playgrounds bordering former smelters and closed mines have higher 
concentrations of lead than soil in neighborhoods further from these sites.14,127,128 Half of all 
airborne lead emissions in the U.S. are from aviation gasoline used by piston-engine 
aircraft,133,152 and both airborne and soil lead levels are elevated near airports.67,134,135 
In North Carolina, lead-acid battery manufacturing facilities and related industries are 
concentrated in Forsyth County, in which nearly 75% of workers occupationally exposed to lead 
are employed, despite accounting for less than 4% of the state’s population.12,13 In 2016, routine 
children’s lead surveillance identified clusters of children with elevated blood lead with a 
household member employed by a lead oxide manufacturing facility in Forsyth County.202 The 
ensuing investigation by the North Carolina Department of Health and Human Services 
(NCDHHS) found that 70% of the 77 workers at this facility had at least one blood lead test ≥20 
µg/dL during 2012-2016, and 5 of 17 associated children had BLLs ≥5 µg/dL, attributable to 
lead unintentionally brought home from work.202 However, it remains unknown whether these 
facilities have broader impacts on the levels of lead in the soils and children of neighborhoods 
nearby.  
Further, environmental sources of lead in the U.S. are often concentrated in Black and 
lower income neighborhoods. In Detroit, lead-emitting industrial facilities are disproportionately 
located in segregated, predominantly Black neighborhoods, regardless of socioeconomic 




that soil lead concentrations are higher in areas with low average incomes and relatively greater 
proportions of Black children and mothers than other nearby areas.154-156 There has been no 
evaluation of the potential racial or economic disparity in exposure to industrial sites of lead 
production in North Carolina. However, other toxic waste sites in the state are disproportionately 
located in lower income, communities of color.205-207 
A potential contributor to the contemporary disproportionate burden of environmental 
hazards on Black and low income communities is the historical structurally racist practice now 
known as “redlining.” During the Great Depression, the federal Home Owners Lending 
Corporation (HOLC) created color-coded maps in many cities to guide lending and real estate 
investment.235 The “best” neighborhoods at lowest risk for foreclosure, shaded in green, were 
predominantly white and affluent. Neighborhoods with greater Black populations or with “threat 
of infiltration” by non-white populations were shaded in red and marked as “hazardous” for 
investment.236 Redlining prevented both investment in Black neighborhoods and homeownership 
by Black residents, resulting in further racial segregation and economic inequality.235,237 Whether 
inexpensive land prices allowed industries to develop in Black neighborhoods, or lack of 
accumulated wealth meant Black families had little choice but to move to more industrial 
neighborhoods, is up for debate.207 Regardless, although redlining was outlawed in the 1960s, its 
effects are still felt today.235,237 
Winston-Salem, the fifth largest city in North Carolina and home to two thirds of the 
population of Forsyth County (Figure 5.1), was subject to redlining in the 1930s (Figure 5.2, 
Figure 5.3). This federal policy was not a new concept in Winston-Salem, which had identified 
Black neighborhoods in a city planning map in 1920 and proposed new development for parks, 




redlining policies, city officials engaged in “urban renewal” activities in the 1950s and 60s, 
which resulted in the destruction of robust Black communities and physically racially segregated 
the city (and county) with the construction of US Highway 52.217 Today, Forsyth County and 
Winston-Salem are among the most racially and economically segregated and least economically 
mobile areas in the country, with among the fastest rising rates of concentrated poverty.218-220 
The purpose of this study was twofold. First, we evaluated whether and how 
neighborhoods and individuals residing in close proximity to industrial point sources of 
environmental lead differ from those further away. Second, we assessed whether there is an 
association between residential proximity to industrial point sources of environmental lead 
releases at birth and blood lead levels in childhood among children born and tested for lead in 




A live birth cohort of children born in Forsyth County was defined from North Carolina 
birth certificate records from January 1, 2011 through December 31, 2017 provided by the North 
Carolina State Center for Health Statistics. During this period, 31,224 birth certificates indicated 
Forsyth County as the county of residence for the newborn. For these, the residential addresses 
provided in the birth certificates were geocoded using the Geocode Addresses tool within 
ArcMap, using Esri Business Analyst 2017 Address Locator (StreetMap Premium for ArcGIS 
North America HERE 2016 Release 3). Of these, 592 (1.9%) could not be geocoded and 426 





Children’s blood lead tests 
The primary outcome for this study was the highest blood lead level reported in the years 
2011-2018. The North Carolina Childhood Lead Poisoning Prevention Program (NCCLPPP) 
collects the results of all blood lead tests conducted in children in North Carolina.204 Results of 
blood lead tests are reported in micrograms per deciliter (µg/dL). Prior to July 1, 2017, all results 
reported with decimal places were rounded to the nearest integer; on and after July 1, 2017, all 
results reported with decimal places were truncated (rounded down) to the integer. Test results 
below the limit of detection (LOD) of the instrument or laboratory used were reported as 1 
µg/dL. In addition to blood lead level, test results included space to report the type of blood 
specimen used for testing (capillary or venous); whether the test was conducted at the point of 
care or if not, the laboratory to which it was sent; child name, date of birth, and residential 
address; and date of test. 
Records of all children’s blood lead tests conducted in North Carolina in 2011-2018 
among children born in 2011 or later (n=958,194 test results) were linked to the geocoded birth 
certificate cohort using deterministic matching of components included in both datasets: child’s 
first, middle, and last names; child’s date of birth; and residential address information. Prior to 
linkage, all spaces and special characters were removed from name variables. Full name match 
was defined as either: 
 
1) exact match on both a) first name or concatenated first and middle names and b) last 
name or concatenated last name and suffix (birth certificate only) OR 
2) exact match on the concatenated first, middle, and last names (or last name and suffix, for 




Fuzzy match on name included using the SOUNDEX, COMPGED, and SPEDIS 
functions in SAS or matching on at least one part of a multi-part name (e.g., Martinez-Garcia 
matching to Martinez). Partial date of birth match was defined as matching on at least two parts 
of the date (e.g., day and month, but not year). Location information was also used to define 
higher likelihood linkages. Linkage rules were conducted in steps, with the first step requiring a 
match on full name, date of birth, and all location information (approximate address, city, 
county, and zip code), and final steps requiring partial date of birth, fuzzy name match, and no 
location variables. At every step, 50 linked pairs were randomly selected to manually evaluate 
the quality of the linkage. If any pairs appeared to be erroneously linked, the linkage rule was 
refined (e.g., using more conservative values for COMPGED and SPEDIS functions) or 
discarded. Out of 30,206 births with residential address in Forsyth County in 2011-2017, 23,892 
(79.1%) were linked to a lead test reported in 2011-2018 in any county in North Carolina; 21,417 
(70.9%) were linked to a lead test that reported a residential address in Forsyth County at the 
time of testing.  
Because laboratory and point of care instruments used to measure children’s BLLs vary 
in their limits of detection, and at least one common instrument has a detection limit of 3.3 
µg/dL,26,164 blood lead levels were primarily dichotomized as ≥3 µg/dL (elevated) or <3 µg/dL 
(reference). The use of 3 µg/dL as a marker of elevated lead exposure is also consistent with 
recent calls to lower CDC’s reference value for children’s blood lead.198,254 
 
Environmental point sources of lead contamination 
We used two Environmental Protection Agency (EPA) programs to identify potential 




Inventory (NEI). The TRI is a mandatory EPA program that requires industrial facilities 
employing ≥10 full time employees to report environmental releases of toxic chemicals.221 These 
reports have been released annually since 1988 (which reported on releases in 1987). The NEI is 
an estimate of emissions of air pollutants regulated by the EPA, released every three years 
beginning in 2008.224 Stationary point sources in the NEI include airports, industrial facilities, 
and power plants. All TRI reports for sites that reported releasing ³0 pounds of lead or lead 
compounds and NEI reports for sites that reported ³0 pounds of lead emissions in Forsyth 
County, North Carolina and neighboring counties were downloaded from the Envirofacts 
database online222 and the NEI website,225 respectively. The coordinates of the facilities provided 
in the reports were geocoded in ArcMap (Esri ArcGIS 10.7).  
There was wide variation in the frequency and amount of lead released or emitted 
reported by facilities to the TRI and NEI (Figure 5.4). We further restricted to facilities which 
had ever reported ³1 pound of lead released on-site (TRI) or emitted (NEI) in a single year were 
included. This resulted in 20 sites in or within 2 km of Forsyth County, five of which had filed 
reports under both the TRI and NEI systems. 
Residential proximity at birth to the TRI or NEI sites was calculated using the geocoded 
point recorded on the TRI or NEI report. We defined exposure as the presence of at least one site 
within 2 km of the geocoded residential address at birth and reporting ³1 pound of lead released 
on-site (TRI) or emitted (NEI) at least one time in the five years prior to and including the year 
of birth on the birth certificate. We further examined subgroups among the exposed births, 







North Carolina birth certificates included the following information used in our analyses: 
child sex, number of prior pregnancies (any or none), number of prior live births still living (any 
or none; used as a proxy for older children), number of prenatal care visits (dichotomized as ³10 
or <10), maternal age at delivery (categorized as £20, 21-25, 26-30, 31-35, >35) , maternal self-
reported smoking during prior to and during pregnancy (dichotomized as any or none), principal 
source of payment at delivery (Medicaid, private insurance, self-pay, or other), maternal receipt 
of Special Supplemental Nutrition Program for Women, Infants, and Children (WIC) benefits 
during pregnancy (yes/no), mother’s location of birth (categorized as NC, other U.S. states or 
territories, or remainder of world), maternal marital status (married or unmarried), maternal 
Hispanic ethnicity (yes/no), and maternal race (American Indian or Native American, Asian or 
Pacific Islander, Black, white, or other non-white).  
We leveraged publicly available data sources to describe the physical and social 
environment of the cohort at baseline. Geocoded addresses from birth certificates were assigned 
the values of the U.S. 2010 Census and 2006-2010 5-year American Community Survey block 
group they were contained within, which included the following population-level measures: 
population size, population density per square mile, proportion of the population Hispanic or 
Latino, proportion of the population non-Hispanic and American Indian or Native American, 
proportion of the population non-Hispanic and Asian, proportion of the population non-Hispanic 
and Black, proportion of the population non-Hispanic and white, proportion of families below 
the poverty level, median household income, proportion of households earning <$20,000 




1950, proportion of housing units built prior to 1940, proportion of vacant housing units, 
proportion of renter-occupied housing units.  
The NC Center for Geographic Information and Analysis developed a publicly available 
GIS data set of the boundaries of public water systems in North Carolina mapped in 2004-2006 
and projected in 2010.232,247 Births were assigned the size of the water system with which they 
overlapped on the projected 2010 boundaries, categorized by size of the 2010 projected 
population served using Safe Drinking Water Act233 cutoffs: large (>50,000 people), medium or 
small (≤50,000 people), or not overlapping with a public water system.  
A binary variable was created to describe whether a residential address at birth was 
within 100 meters of a major roadway, defined as interstates or principal arterials, from the NC 
Department of Transportation.234 Roadways built in the year 2000 or later were excluded, as lead 
was fully removed from automotive gasoline by 1996,14 making more recent roadways an 
unlikely source of residual lead exposure.  
Shapefiles of the boundaries of Winston-Salem neighborhoods that were assigned HOLC 
grades in 1937 were downloaded from the Mapping Inequality website.236 Geocoded births were 
assigned the neighborhood with which they spatially overlapped. However, these neighborhoods 
do not cover the entirety of Winston-Salem’s boundaries today, so these data were used only in 
subsets of analyses. 
 
Statistical analysis 
We compared the individual and neighborhood-level characteristics of birth certificates 
linked to a blood lead test to those with a reported blood lead level ³3 µg/dL and to the total 




km of the 25 TRI and NEI sites of interest differed from those in Forsyth County that were >1 
km from these sites. We compared the distributions of individual characteristics of birth 
certificates exposed to  NEI and/or TRI sites to those >2 km from such sites, based on distance 
thresholds used in prior studies.67,134 
Because not all children in the birth certificate cohort were tested for lead, and those that 
were are unlikely to be a random sample of children, we created inverse probability (IP) of 
testing weights to allow the tested population to better reflect the population characteristics of 
children born in Forsyth County. We constructed a logistic regression model of the probability of 
receiving at least one blood lead test in Forsyth County, conditional on maternal, clinical, and 
neighborhood characteristics at birth. The final model was selected based on model fit, assessed 
using c-index value (equivalent to the area under the receiver operator curve) and Akaike 
information criterion (AIC). The predicted probability of testing produced from this model was 
used to create IP weights to reduce the impact of biased selection into lead testing and account 
for the missing data on blood lead results for those children for whom test results are not 
available.  
Building on prior research conducted in North Carolina,205,206 we evaluated whether there 
were disparities in the prevalence of residential exposure to industrial sources of lead and in the 
risk of elevated blood lead levels along racial and wealth lines.239 Birth certificates were 
categorized in combinations of reported maternal race and ethnicity (white, non-Hispanic; Black, 
non-Hispanic; or Hispanic) and, as a proxy for wealth, by whether the mother had received 
Special Supplemental Nutrition Program for Women, Infants, and Children (WIC) benefits 
during pregnancy or was covered by Medicaid at delivery (WIC or Medicaid v. neither WIC nor 




prevalence residential proximity to any TRI/NEI site (dichotomized as >2km or £2 km) as the 
outcome to calculate prevalence differences. We then used this measure to model the risk of 
elevated blood lead levels (defined as ³3 µg/dL) using generalized linear models and applied IP 
weights to account for children missing blood lead test results. We used white, non-Hispanic 
women who did not receive WIC benefits or use Medicaid at delivery as the reference category 
to report prevalence differences (PDs). White people have historically benefited from structurally 
racist systems,161,162 and we hypothesized that people with this racial/ethnic identity not on WIC 
or Medicaid were less likely than populations of other races and ethnic backgrounds and those in 
poverty to live near industrial facilities. We chose not to collapse categories of race and ethnicity 
further in order to better identify how groups of different racial/ethnic identifies may experience 
differentially adverse exposures. However, this means that birth certificates that reported both 
non-Hispanic ethnicity and maternal race of Asian, American Indian or Native American, Pacific 
Islander or Native Hawaiian, two or more races, or other non-white race were excluded from this 
analysis (n=1,070, or 3.5% of the total birth certificate cohort).  
We repeated these analyses using maternal race/ethnicity in combination with the 1937 
HOLC redlining maps. However, only a small proportion of the study population (n=5,569, 
18%) lived in an area that had been assigned a HOLC grade in 1937. In order to reduce inflation 
of estimates from small numbers, we collapsed the HOLC grades into categories of “A or B” and 
“C or D” and used logistic regression models with two levels of exposure: £2 km or >2 km from 
(“unexposed” to) any NEI or TRI site. We used white mothers spatially linked to an area 
formerly graded as “A or B” and as the reference category to calculate prevalence differences 




Finally, we assessed the risk of receiving an elevated (≥3 µg/dL) blood lead test result 
associated with residential proximity at birth (0-1 km or 1-2 km versus >2 km) to lead-emitting 
or -releasing NEI or TRI sites in Forsyth County using generalized linear models and generalized 
estimating equations (GEE) to account for repeated neighborhood-level information among 
births with the same residential address. We applied IP weights to account for children without 
blood lead test results and included year of birth as a covariate to account for exogenous factors 
that would lead to changes in the prevalence of both exposure (e.g., moving into or out of 
neighborhoods in close proximity to TRI and NEI sites) and the outcome (historical trend of 
decreasing children’s blood lead levels).  
We chose not to include maternal race or ethnicity as covariates in models with blood 
lead level as the outcome. At best, using race or ethnicity in a statistical model is to adjust for a 
proxy of the differential experiences and exposures of racism.160 White race is not a reflection of 
significant genetic differences but rather experiences of privilege and access in a structurally 
racist setting. One example of structural environmental racism is the higher prevalence of 
sources of environmental pollution in close proximity to predominantly Black neighborhoods 
compared to predominantly white neighborhoods, in part due to historical discriminatory lending 
policies like those used by the HOLC in the 1930s. To adjust for race in a model that seeks to 
identify the association between living near such points and the outcome of elevated blood lead 
levels would be to adjust away at least some of that potential causal effect.240 Rather, we include 
in our model other potential sources of variation in blood lead levels (e.g., neighborhood 
prevalence of older or vacant housing) some of which may also be correlated with maternal race 




To guide our analytic strategy, we created conceptual directed acyclic graphs (DAGs) of 
the relationship between residential proximity to industrial sites of lead pollution and children’s 
blood lead levels that included factors plausibly associated with the exposure or outcome. 
Ultimately, we chose not to include individual or neighborhood measures of wealth in our 
primary analyses, as they may be mediators on the causal pathways linking industrial sites of 
lead pollution to children’s blood lead levels. For example, the value of the real estate in 
neighborhoods surrounding these sites may have fallen (or failed to appreciate) as a result of 
their proximity to industry (Figure 5.5, panel a). Alternatively, these sites may have been 
constructed in neighborhoods that already had more vacant homes or lower real estate value 
because it was inexpensive and politically feasible to do so (Figure 5.5, panel b). Depending on 
the assumptions we make about the direction of the causal paths (see Figure 5.5, panel c), 
neighborhood-level measures may be confounders, mediators, or colliders of the association 
between the location of TRI and NEI sites of lead pollution at birth and elevated blood lead 
levels in childhood. The addition of individual markers of wealth such as insurance or WIC 
status further complicates these paths.  
However, we do present results of secondary analyses adjusted for measures of individual 
wealth (private insurance v. Medicaid or other; receipt of WIC benefits) and neighborhood 
housing characteristics (block group median home value [tertile], block group percent vacant 
housing [tertile], block group percent housing built before 1940 [tertile]) as a comparison to our 
primary estimates.  
Additionally, we conducted several sensitivity analyses to evaluate how varying model 
assumptions changed our results. We restricted the population to just those living in the same zip 




certificate. Because roadways and water231 are other potential sources of lead exposure, we 
restricted to children living >100 m from a major roadway and those linked to major water 
systems serving more than 50,000 people. Since lead is extremely environmentally stable in soil, 
and releases from decades prior can still contribute to today’s soil lead content,11 subsequent 
analyses defined exposure to include sites that ever reported emitting or the on-site release of ³1 
pound of lead in the years prior to (and including) the child’s birth. We restricted lead test results 
to those conducted at ages 0-30 months only and to those which were conducted on venous 
blood. Finally, we used the conventional level of elevated blood lead (³5 µg/dL) as the outcome 
variable. All models were run in SAS version 9.4.241 This study was approved by the Institutional 
Review Board at the University of North Carolina at Chapel Hill.  
 
5.3 Results 
Of the 30,206 geocoded North Carolina birth certificates in 2011-2017 with residential 
address in Forsyth County, 21,417 (70.9%) were linked to a lead test while residing in Forsyth 
County in 2011-2018. 1,926 of these children were linked to a lead test result reporting a blood 
lead level ³3 µg/dL (Table 5.1). These children were more likely to be born in 2011 (27% of 
children with elevated blood lead versus 14% of the birth cohort), to younger, unmarried mothers 
with fewer years of education completed at delivery, covered by Medicaid and/or receiving WIC 
benefits (Table 1). The race of these women was more likely to be reported as Black on the 
child’s birth certificate (43%) compared to the cohort as a whole (29%). These mothers were also 
somewhat more likely to have been born in North Carolina (56% v. 47%) and to have reported 
smoking during pregnancy (11% v. 8%). The proportions of residential addresses at birth located 




without elevated blood lead levels. Nearly 9% of children with elevated blood lead lived in a 
formerly redlined neighborhood at birth, compared to just 5% of the population tested for lead.  
Sites of industrial lead emissions in Forsyth County were concentrated in the center of the 
city of Winston-Salem and along major highways (Figure 5.1). When linked to 2010 Census 
data, neighborhoods containing or within 1 km of a site of industrial lead emissions had, on 
average, lower proportions of white residents (40% v. 73%) and Asian residents (0.7% v. 1.3%), 
higher proportions of Black residents (33% v. 14%) and Hispanic residents (14% v. 6%), lower 
median income ($35,000-$38,000 v. $48,000-$50,000), more families below the federal poverty 
level (11-16% v. 6%), and more housing built before 1950 (14-16% v. 6-7%) (Table 5.2).  
Fifteen percent of births in this cohort reported a residential address within 2 km of a TRI 
or NEI site that had released or emitted lead in the five years prior to and including the child’s 
year of birth (Table 5.3). Some characteristics correlated with exposure. Only 7% of children 
with private insurance lived near a TRI or NEI site, compared to 23% of children covered by 
Medicaid. Less than 9% of white mothers and 5% of Asian mothers lived near a TRI or NEI site, 
compared to 24% of Black mothers, 25% of American Indian/Native American mothers, and 
22% of Hispanic mothers. Among those living in neighborhoods that had been assigned a HOLC 
grade in 1937, none of the births in A neighborhoods were within 1 km of a TRI/NEI site, 
compared to 25% of those in redlined (grade D) neighborhoods. The majority of people living in 
a formerly redlined neighborhood were also within 2 km of a TRI or NEI site, compared to only 
26%-32% of those in A and B neighborhoods.  
There was evidence of statistical interaction between maternal race/ethnicity and 
WIC/Medicaid status on the prevalence of living near a lead-emitting TRI or NEI site (Table 




certificate had approximately 5% higher prevalence of living near a TRI or NEI site compared to 
white mothers without WIC or Medicaid. White women who received WIC benefits during 
pregnancy or were covered by Medicaid at delivery similarly had 5.8% greater prevalence of 
exposure to an NEI site compared to those without WIC or Medicaid. However, women who 
were Black or Hispanic and had received WIC or Medicaid benefits experienced 18-22% higher 
prevalence of living near an industrial site of lead pollution compared to white women without 
WIC or Medicaid. Risk of having a child linked to an elevated blood lead test result was also 
notably higher among Black women on WIC or Medicaid compared to white women on neither 
(risk difference 8.9%, 95% CI 8.0-9.7).  
In the sub-population linked to a neighborhood that had been mapped by the HOLC in 
1937, every group had substantially higher prevalence of exposure to TRI and NEI sites 
compared to white women living in neighborhoods with historic grades of A or B (Table 5.5). 
Notably, while only 14% of women in this reference population were within 2 km of a TRI or 
NEI site, 63% and 67% of Black and Hispanic women, respectively, living in these same A or B 
neighborhoods were exposed to such sites, which was higher than the ~50% of those living in C 
or D neighborhoods who were within 2 km of these sites. White women living in historically 
white and affluent neighborhoods were at the lowest risk of having a child linked to an elevated 
blood lead test result (4.8%). After applying IP-weights and adjusting for year of birth, all other 
groups had an 8-13% absolute higher risk of having a child linked to an elevated blood lead test.   
In models adjusted for year of birth and IP-weighted to account for missing outcome 
data, births within 0-1 and 1-2 km of a TRI or NEI site had 6% higher absolute risk of being 
linked to a blood lead test result ³3 µg/dL in childhood than births >2km from a TRI or NEI site 




births without a nearby TRI or NEI site (Table 5.7). There were positive associations between 
proximity to TRI and NEI sites at birth and elevated blood lead in childhood at every stratum of 
neighborhood housing level and possible predictors of blood lead level (Figure 5.6). Inclusion of 
measures of individual- and/or neighborhood-level wealth in these models attenuated 
associations (Table 5.7), though even the smallest estimated absolute risk difference was still 
3%.  
Restricting to births at the same zip code or approximate address at both birth and at the 
time of the highest blood lead test result somewhat strengthened associations, as did restricting to 
venous blood samples only (Table 5.8). Excluding children not on major public water service 
systems or excluding those living near major roadways did not affect estimates (Table 5.8). 
Results were similar when restricted to tests conducted at age 0-30 months only and when the 
exposure definition was expanded to include sites that had released or emitted lead >5 years prior 
to birth (Table 5.8). Limiting the exposure definition to just the year prior to birth widened the 
confidence interval and attenuated the estimate for those within 1 km of a TRI or NEI site, which 
may have been due in part to a small number of cases at that level of exposure (Table 5.8). Using 
the more conservative outcome definition of ³5 µg/dL blood lead in childhood produced 
consistently smaller risk difference estimates (Table 5.9). However, considering the risk of 
receiving an elevated blood lead test was 2% in the population of children tested for lead, an 
estimated absolute increase in risk of 2% means that children living in close proximity to 
industrial sites of lead had twice the relative risk of blood lead levels ³5 µg/dL compared to 






In this analysis, we leveraged the novel linkage of administrative and publicly available 
data to evaluate whether living near industrial sites that report releasing or disposing of lead into 
the environment affects the blood lead levels of children in the surrounding neighborhoods. We 
found that residential proximity to sites of industrial lead emissions and releases correlated with 
neighborhood demographic and housing characteristics, and that the majority of residents of 
formerly redlined neighborhoods lived within 2 km of a TRI or NEI site. We also found that 
children in Forsyth County with residential addresses at birth located in close proximity to 
industrial sites that recently reported emitting or releasing lead have approximately two times the 
relative risk of receiving an elevated blood lead test in childhood compared to those who live >2 
km from these sites.  
To our knowledge, this is the first evaluation of characteristics of individuals and 
communities exposed to industrial sites of lead production in North Carolina, and the first 
analysis of the relationship between residential proximity to these sites and children’s blood lead 
levels in the state. Our results align with related research in North Carolina and elsewhere in the 
U.S. An early study in New Jersey identified TRI sites, hazardous waste locations (based on the 
New Jersey Department of Environmental Protection and Energy “Site Status Report”), and 
traffic volume, and visually determined these sites correlated with census tracts with high 
numbers of children with elevated blood lead.151 More recently, in Kansas blood lead levels of 
children were inversely associated with distance to a lead-emitting TRI site, controlling for 
census tract level pre-1950 housing and poverty.72 In Michigan, the presence of a TRI facility 
within 2 km of a child’s census tract was positively associated with their blood lead levels.67 




proximity to airports is associated with elevated blood lead.67,134 A study of North Carolina 
airports and childhood blood lead screening found that living within 1500 m of an airport was 
associated with increased BLLs.134 Researchers in Michigan found that children who lived 
within 3 km of an airport had elevated blood lead levels compared to children ³4 km away.67 
Forsyth County is home to the vast majority of adult occupational lead exposure in North 
Carolina.12 Among adults, exposure to lead in the U.S. occurs primarily at work.35 Although the 
prevalence of adults with elevated blood lead has decreased in the past 20 years,35 adult lead 
exposure remains a concern in the U.S., in part due to occupational exposure standards that have 
remained unchanged since implementation in the 1970s. The Occupational Safety and Health 
Administration (OSHA) requires that employees in workplaces with high lead exposure have 
regular blood lead tests, but that an employee must be notified and provided a medical 
examination only if their BLL exceeds 40 µg/dL. However, an employee is not mandated to be 
removed from work until their BLL exceeds 60 µg/dL (or averages ≥50 µg/dL on three or more 
tests) or exceeds 50 µg/dL if they work in construction.36 However, the level of exposure 
considered “safe” by the federal government is more than twenty times the level at which long 
term health effects have been documented in adults: blood lead levels 5 µg/dL or lower in adults 
are associated with decreased renal function and increased risk of mortality, particularly 
cardiovascular and ischemic heart disease mortality.166,170 
North Carolina has a long history of workers being exposed to lead at their job sites. One 
of the first documented incidents in the U.S. of a child being exposed to lead as a result of their 
parent’s occupational exposure occurred in Raleigh, North Carolina in 1977, where 40 children 
of workers at a lead-acid battery manufacturing facility were found to have blood lead levels 




impact the blood lead levels not just of employees and their families, but also of the residents of 
the neighborhoods in which they are located. If updating OSHA workplace lead exposure 
regulations and improving the safety of workers in this industry also resulted in reduced 
environmental lead releases and emissions, such policy changes could lead to reduced lead 
exposure among families living near these facilities. Future research should examine whether 
measures taken to reduce workplace lead exposures would result in reduced neighborhood levels 
of contaminants and/or lower children’s blood lead levels.  
Individual and neighborhood measures of poverty are linked to race in the U.S. as a result 
of historic and continued structural racism and racial injustice, discrimination, and barriers to 
resources and opportunity for Hispanic and BIPOC (Black, Indigenous, people of color) 
populations. They are also consistently strong predictors of elevated risk of children’s lead 
exposure,68-70,72,74,75,134,163,164 which may explain positive associations observed between 
increasing proportions of Black and Hispanic populations and risk of elevated blood lead in 
childhood.68,70,71,74,75,134,159 However, it would be incorrect to label race a “risk factor” for or 
etiologic determinant of lead exposure. Rather, race and ethnic identity function as markers of 
differential access to a lead-free environment resulting from years of structural racism.  
A constellation of hazards exists in many historically Black towns and neighborhoods in 
the U.S., and North Carolina in particular,205,206,255 as a result of structurally racist policies like 
redlining and “creative extraction.”256 While the direction and interactions of the causal effects of 
the location of hazardous sites on neighborhood demographic composition (and vice versa) at 
different time points are complicated and difficult to disentangle, our results support the 
likelihood that the location of TRI and NEI sites is a mechanism by which historical structural 




Hispanic populations are disproportionately exposed to TRI and NEI sites that release or emit 
lead. This environmental injustice appears to have historic roots in the structurally racist policy 
of redlining, as our results show that populations living in formerly redlined and low-graded 
neighborhoods are more likely to be living near one of these sites than those in historically white, 
affluent, and higher-graded neighborhoods. Moreover, women of color who today live in 
historically A or B graded areas have over 60% higher risk of residing near a TRI of NEI site 
compared to white women in those same neighborhoods, higher even than women of color in C 
or D graded areas, reflecting a continued legacy of segregation and injustice.  
There are a few key caveats to this research. First, we did not use any measures of 
environmental lead (e.g., in the soil or air of Winston-Salem neighborhoods), nor do we have 
measurements of workers’ exposure to lead at the facilities of interest, so we are unable to 
concretely tie children’s blood lead levels to a specific source. Moreover, we do not have 
information on other potential sources of lead exposure such as parent occupation, consumption 
of lead-contaminated spices,257 private well water,231 household members’ involvement in 
hobbies that involve lead exposure such as going to firing ranges,258 or lead paint in a child’s 
home. Our primary models assume that neighborhood and individual measures of wealth are 
mediators or colliders of the association between proximity to industrial lead polluting sites and 
children’s blood lead levels. In secondary analyses, we change our assumptions and adjust for 
these variables as possible confounders. However, we cannot rule out the possibility that the 
estimates from either sets of models are due to uncontrolled confounding. Further, we have noted 
that Forsyth County is unique to North Carolina in its concentration of workplace lead exposure. 
This makes it an important location in which to evaluate children’s lead testing and blood lead 




locations outside the state. However, we previously found that at the North Carolina state level, 
children whose mothers resided within 2 km of a lead-emitting or releasing TRI or NEI site at 
delivery had 1.1 times the risk of a blood lead level ³3 µg/dL compared to children whose 
mothers lived further from these sites (Chapter 4).  
With lead, prevention of exposure is of the utmost importance. Individual actions can do 
little to prevent environmental lead exposure coming from an active industrial facility. Moreover, 
such action requires knowing that there is a local threat. A study of Chicago suburban families 
found that 10% of parents did not answer a CDC screening question asking if they lived “near a 
lead smelter, battery recycling plant, or other industry likely to release lead”, likely because they 
did not know.178 Identification of industrial sources of environmental lead contamination could 
ultimately lead to the eventual reduction and elimination of such exposure.  
It is now well established that sub-clinical lead poisoning has adverse impacts on 
children’s health.166,172 Moreover, eliminating lead exposure for children today has 
intergenerational impacts.244,259 Lead is stored in the body like calcium, and lead accumulated in 
the body during childhood recirculates during pregnancy.208 Lead can be transferred from a 
pregnant woman to her fetus in utero or from a woman to an infant via contaminated breast 
milk.209-211 Eliminating exposure in today’s children will prevent exposure to their offspring in 
the future. Moreover, sources of lead exposure for children are also sources of exposure for 
adults, including pregnant women. A study of pregnant women in Durham, North Carolina found 
that soil lead levels were moderately correlated with maternal prenatal BLLs.214 
Lead exposure is an environmental injustice that requires structural policy solutions, not 
individual-level changes. Federal workplace safety standards lag woefully behind the science 




testing tools would allow all children to be reliably screened for subclinical (<5 µg/dL) blood 
lead levels,24 and local health departments could better identify the sources of lead exposure in 
their communities. Industrial sites with the potential for lead pollution should be actively 
monitored for pathways of lead exposure to neighboring communities, rather than allowed to 
self-report. Prior population prevention strategies have been remarkably successful at reducing 
blood lead levels in the U.S. over the past half century,14 and building on the lessons learned 







Figure 5.1. Study area (map: Elizabeth Kamai) 
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Figure 5.2. Map of the neighborhoods of Winston-Salem, NC that were assigned grades by 
the Home Owners Lending Corporation in 1937 (map: Elizabeth Kamai) 
Those with the letter D grade were considered “hazardous” due primarily to the presence of 
Black and non-white inhabitants. These neighborhoods were outlined in red on the original maps 
(Figure 5.3) or “redlined.” 
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Figure 5.3. Home Owners Lending Corporation (HOLC) 1937 lending map of Winston-


















































Corn Products International, Inc.
HANES DYE AND FINISHING CO.
Ingredion Incorporated − Winston−Salem
Johnson Controls Battery Group, Inc.
Powerlab, Inc.
R.J. Reynolds Tobacco Company (Whitaker Park)
ROBERTSON FIELD
Salem Energy Systems, L.L.C.
Smith Reynolds
Wake Forest University School of Medicine − PTCRC
Wake Forest University School of Medicine (A1 / Dean Building)
WHITEHEART FARM
Highlighted: facilities that ever reported emitting 1+ lbs of lead in one year

















DOUGLAS BATTERY MANUFACTURING CO
HANES DYE & FINISHING CO
HOOKER FURNITURE INC KERNERSVILLE DIV
INGREDION INC − WINSTON SALEM PLANT
JOHNSON CONTROLS  BATTERY GROUP INC
POWERLAB INC
R J REYNOLDS TOBACCO CO TVILL
R J REYNOLDS TOBACCO CO WHITAKER PARK
ROYSTER−CLARK  INC.
TARACORP/IMACO INC.
THOMASVILLE FURNITURE INDUSTRIES INC PLANT H
TYCO ELECTRONICS CORP. BLDG. 067
Highlighted: facilities that ever reported releasing 1+ lbs of lead (on site) in one year






















Figure 5.5. Example directed acyclic graphs (DAGs) modeling the association between the 
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Figure 5.6. Risk ratio (RR) estimates of associations between residential proximity to TRI 
or NEI sites at births and risk of elevated blood lead in childhood, stratified by key 
covariates. All models adjusted for year of birth. 
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Table 5.1. Descriptive characteristics of geocoded Forsyth County, North Carolina births 
2011-2017, stratified by linkage to an elevated blood lead (≥3 µg/dL) test result, 2011-
2018.  
All Linked to a lead test 
in Forsyth County 
Elevated blood lead 
level (≥3 µg/dL) 
Total live births 30,206 21,417 (70.9%)  
   1,926 (9.0%) 
Child sex assigned at birth 
  
female 14,839 (49%) 10,543 (49%) 936 (49%) 
male 15,367 (51%) 10,874 (51%) 990 (51%) 
missing 
   
Prenatal care visits    
<10 3,193 (11%) 2,176 (10%) 240 (12%) 
10+ 26,951 (89%) 19,203 (90%) 1,682 (87%) 
missing 62 38 4 
Payment (insurance) at delivery    
Medicaid 15,808 (52%) 12,288 (57%) 1,405 (73%) 
private 13,627 (45%) 8,594 (40%) 462 (24%) 
self-pay 712 (2%) 506 (2%) 57 (3%) 
other 34 (0%) 21 (0%) 1 (0%) 
missing 25 8 1 
Older children 
   
none 11,767 (39%) 8,314 (39%) 709 (37%) 
1 9,443 (31%) 6,582 (31%) 498 (26%) 
2 or more 8,995 (30%) 6,520 (30%) 719 (37%) 
missing 1 1   
Reported smoking before or during pregnancy   
any 2,329 (8%) 1,589 (7%) 221 (11%) 
missing 1 1 
 
Maternal age at delivery    
≤20 yrs. 3,347 (11%) 2,612 (12%) 345 (18%) 
21-25 yrs. 7,310 (24%) 5,418 (25%) 590 (31%) 
26-30 yrs. 8,930 (30%) 6,107 (29%) 487 (25%) 
31-35 yrs. 7,282 (24%) 4,918 (23%) 335 (17%) 
>35 yrs. 3,336 (11%) 2,361 (11%) 169 (9%) 
missing 1 1 
 
Maternal marital status    
married 16,251 (54%) 10,657 (50%) 672 (35%) 
unmarried 13,943 (46%) 10,749 (50%) 1,252 (65%) 
missing 12 11 2 
Maternal education at delivery    
less than HS 5,653 (19%) 4,548 (21%) 579 (30%) 
HS graduate 7,161 (24%) 5,496 (26%) 610 (32%) 
Some college or Associate degree 8,027 (27%) 5,752 (27%) 474 (25%) 
Bachelor's degree or more 9,345 (31%) 5,608 (26%) 263 (14%) 
missing 20 13 
 
WIC 
   
 
15,021 (50%) 11,942 (56%) 1,336 (69%) 
missing 36 13 4 
Maternal Hispanic ethnicity     
6,451 (21%) 5,393 (25%) 477 (25%) 
missing 3 3 
 
Maternal race 
   
American Indian 63 (0%) 42 (0%) 2 (0%) 




Black 8,747 (29%) 6,601 (31%) 825 (43%) 
white 14,310 (47%) 9,058 (42%) 598 (31%) 
other non-white 6,189 (20%) 5,205 (24%) 469 (24%) 
Mother’s location of birth    
North Carolina 14,283 (47%) 10,333 (48%) 1,070 (56%) 
other U.S. states & territories 9,571 (32%) 6,070 (28%) 403 (21%) 
remainder of world 6,207 (21%) 4,925 (23%) 443 (23%) 
missing 145 89 10 
Year of birth    
2011 4,376 (14%) 3,340 (16%) 520 (27%) 
2012 4,389 (15%) 3,319 (16%) 324 (17%) 
2013 4,358 (14%) 3,277 (15%) 289 (15%) 
2014 4,401 (15%) 3,234 (15%) 248 (13%) 
2015 4,183 (14%) 2,611 (12%) 230 (12%) 
2016 4,336 (14%) 3,089 (14%) 192 (10%) 
2017 4,163 (14%) 2,547 (12%) 123 (6%) 
Environmental characteristics    
Within 100 m of major roadway  958 (3%) 696 (3%) 73 (4%) 
Estimated 2010 public water system service population size   
>50,000 people 29,363 (97%) 20,842 (97%) 1,875 (97%) 
≤50,00 people 403 (1%) 263 (1%) 20 (1%) 
Not on public water 440 (1%) 312 (1%) 31 (2%) 
Distance from industrial site emitting or releasing >1 lb. of lead on site in 5 years prior to birth 
0-1 km from residence at birth 985 (3.3%) 769 (3.6%) 111 (5.8%) 
1-2 km from residence at birth 3,675 (12%) 2,855 (13%) 407 (21%) 
>2 km from residence at birth 25,546 (85%) 17,793 (83%) 1,408 (73%) 
1937 HOLC grade     
A (“best”) 278 (0.92%) 186 (0.87%) 10 (0.52%) 
B 880 (2.9%) 648 (3.0%) 77 (4.0%) 
C 3139 (10%) 2434 (11%) 392 (20%) 
D (“hazardous) 1272 (4.2%) 1013 (4.7%) 172 (8.9%) 
Not in graded neighborhood 24637 (82%) 17136 (80%) 1275 (66%) 
Block group characteristics Median (IQR) Median (IQR) Median (IQR) 
Population size 1,620 (705) 1,595 (706) 1,519 (777) 
Population density (per mile2) 1,732 (1,678) 1,783 (1,685) 1,981 (1,824) 
% pop. Hispanic or Latino 9.3% (16) 9.9% (18) 13% (20) 
% pop. non-Hispanic and:    
white 57% (53) 49% (54) 38% (56) 
Black 22% (33) 24% (33) 37% (44) 
American Indian/Native American 0.23% (0.23) 0.23% (0.22) 0.24% (0.25) 
Asian 1.2% (1.8) 1.1% (1.8) 0.61% (1.6) 
two or more races 1.5% (0.9) 1.5% (0.89) 1.6% (0.95) 
Median household income $43,654 (30,534) $42,044 (29,329) $33,362 (22,425) 
% families with income below poverty level 9.1% (20) 11% (23) 18% (29) 
Median owner-occupied housing value $133,600 (58,700) $129,600 (59,700) $108,000 (54,500) 
% housing units built pre-1950 7.2% (15) 8.1% (16) 12% (26) 
% housing units built pre-1940 2.8% (9.4) 2.9% (10) 6.6% (15) 
% vacant housing units  9.5% (6.8) 9.9% (6.9) 12% (8.3) 






Table 5.2. Means and standard deviations of 2010 Census and 2006-2010 ACS 
characteristics of block groups in Forsyth County, NC, stratified by the historical 
presence of a lead-releasing TRI site (1987-2017) or lead-emitting NEI site (2008-2017) 
within the area or within 1 km of the border 
 No TRI sites ³1 TRI sites  No NEI sites ³1 NEI sites 
 N=187 N=56  N=198 N=45 
Population 1,425 (805) 1,269 (820)  1,414 (816) 1,336 (841) 
Population density (per mi2) 1,452 (1627) 2,022 (2,109)  1,604 (1657) 1,673 (2,124) 
% pop. Hispanic or Latino 5.9% (8.3) 14% (19.5)  6.4% (10) 7.0% (18) 
% pop. non-Hispanic nor Latino and:      
white 73% (40) 40% (64)  73% (42) 40% (52) 
Black 14% (27) 33% (47)  14% (27) 37% (34) 
American Indian/Native American 0.22% (0.25) 0.23% (0.25)  0.22% (0.26) 0.27% (0.22) 
Asian 1.3% (2.1) 0.58% (1.3)  1.31% (2) 0.66% (1.1) 
³2 races 1.4% (0.92) 1.6% (0.93)  1.4% (0.94) 1.7% (0.8) 








% families with income below 2010 
federal poverty level 
5.7% (15) 16% (29)  6.4% (18) 11% (26) 








% housing units built 1949 or earlier 6.0% (12) 16% (33)  6.5% (15) 14% (35) 
% housing units built 1939 or earlier 2.2% (8.2) 8.0% (22)  2.6% (10) 6.0% (20) 
% housing units vacant 8.2% (5.9) 12% (7.9)  8.4% (6.2) 12% (7.2) 
% renter-occupied housing units 23% (38) 54% (42)  25% (44) 50% (49) 







Table 5.3. Individual and neighborhood characteristics of mothers of children born in 
Forsyth County 2011-2017, stratified by residential proximity to TRI/NEI sites at birth. 
 0-1 km from residence 
N (%) 
1-2 km from 
residence 
N (%) 
> 2 km from 
residence 
N (%) 
All 985 (3.3%) 3,675 (12%) 25,546 (85%) 
Child sex assigned at birth   
female 467 (3.2%) 1,851 (13%) 12,521 (84%) 
male 518 (3.4%) 1,824 (12%) 13,025 (85%) 
missing    
Prenatal care visits    
<10 143 (4.5%) 509 (16%) 2,541 (80%) 
10+ 839 (3.1%) 3,150 (12%) 22,962 (85%) 
missing 3 16 43 
Payment (insurance) at delivery   
Medicaid 762 (4.8%) 2,767 (18%) 12,279 (78%) 
private 186 (1.4%) 757 (5.6%) 12,684 (93%) 
self-pay 33 (4.6%) 137 (19%) 542 (76%) 
other 1 (2.9%) 8 (24%) 25 (74%) 
missing 3 6 16 
Older children    
none 365 (3.1%) 1,237 (11%) 10,165 (86%) 
1 253 (2.7%) 975 (10%) 8,215 (87%) 
2 or more 367 (4.1%) 1,463 (16%) 7,165 (80%) 
missing   1 
Reported smoking before or during pregnancy   
any 106 (4.6%) 417 (18%) 1,806 (78%) 
missing  1  
Maternal age at delivery   
≤20 yrs. 182 (5.4%) 658 (20%) 2,507 (75%) 
21-25 yrs. 311 (4.3%) 1,045 (14%) 5,954 (82%) 
26-30 yrs. 245 (2.7%) 962 (11%) 7,723 (87%) 
31-35 yrs. 155 (2.1%) 683 (9.4%) 6,444 (89%) 
>35 yrs. 92 (2.8%) 327 (9.8%) 2,917 (87%) 
missing   1 
Maternal marital status   
married 316 (1.9%) 1,202 (7.4%) 14,733 (91%) 
unmarried 666 (4.8%) 2,472 (18%) 10,805 (78%) 
missing 3 1 8 
Maternal education at delivery   
less than HS 320 (5.7%) 1,216 (22%) 4,117 (73%) 
HS graduate 306 (4.3%) 1,168 (16%) 5,687 (79%) 
Some college or Associate degree 241 (3.0%) 836 (10%) 6,950 (87%) 
Bachelor's degree or more 116 (1.2%) 452 (4.8%) 8,777 (94%) 
missing 2 3 15 
WIC    
 710 (4.7%) 2,694 (18%) 11,617 (77%) 
missing 3 5 28 
Maternal Hispanic ethnicity 288 (4.5%) 1,125 (17%) 5,038 (78%) 
missing   3 
Maternal race    
American Indian 2 (3.2%) 14 (22%) 47 (75%) 
Asian 5 (0.6%) 36 (4.0%) 856 (95%) 
Black 463 (5.3%) 1,699 (19%) 6,585 (75%) 




other non-white 283 (4.6%) 1,112 (18%) 4,794 (78%) 
Maternal location of birth   
North Carolina 487 (3.4%) 1,903 (13%) 11,893 (83%) 
other U.S. states & territories 244 (2.6%) 803 (8.4%) 8,524 (89%) 
remainder of world 249 (4%) 961 (16%) 4,997 (81%) 
missing 5 8 132 
Year of birth    
2011 177 (4.0%) 618 (14%) 3,581 (82%) 
2012 177 (4.0%) 632 (14%) 3,580 (82%) 
2013 147 (3.4%) 597 (14%) 3,614 (83%) 
2014 146 (3.3%) 484 (11%) 3,771 (86%) 
2015 137 (3.3%) 473 (11%) 3,573 (85%) 
2016 128 (3.0%) 473 (11%) 3,735 (86%) 
2017 73 (1.8%) 398 (9.6%) 3,692 (89%) 
Within 100 m of major roadway  53 (5.5%) 218 (23%) 687 (72%) 
Estimated 2010 public water system service population size   
>50,000 people 984 (3.4%) 3,666 (13%) 24,713 (84%) 
≤50,00 people 0 (0%) 0 (0%) 403 (100%) 
Not on public water 1 (0.2%) 9 (2.1%) 430 (98%) 
1937 HOLC grade     
A (“best”) 0 (0%) 73 (26%) 205 (74%) 
B (“still desirable”) 28 (3.2%) 252 (29%) 600 (68%) 
C (“definitely declining”) 260 (8.3%) 1337 (43%) 1542 (49%) 
D (“hazardous) 318 (25%) 352 (28%) 602 (47%) 










Table 5.4. Differences in prevalence of residential proximity to TRI/NEI sites and risk of elevated blood lead levels (³3 
µg/dL) by combinations of maternal race/ethnicity and markers of individual wealth reported on the birth certificate, 
excluding those for whom Hispanic ethnicity could not be determined or non-Hispanic and race other than Black or white 
(n=1,070) 
  Prevalence of exposure  Risk of outcome 
Maternal characteristics n 
<2 km to TRI 
and/or NEI 
site(s) 
n (% of row) 
PDa,b 
(95% CI) 
 ³3 µg/dL 










7298 2016 (28%) 22% (21%, 23%)  772 (11%) 7.8% (7.0%, 8.6%) 8.9% (8.0%, 9.7%) 
neither 1362 136 (10%) 4.7% (3.1%, 6.4%)  51 (3.7%) 
0.96% (-0.11%, 
2.0%) 




5823 1344 (23%) 18% (17%, 19%)  453 (7.8%) 5.0% (4.2%, 5.8%) 4.7% (3.8%, 5.5%) 








4846 537 (11%) 5.8% (4.8%, 6.8%)  329 (6.8%) 4.0% (3.2%, 4.8%) 5.0% (4.1%, 6.0%) 
neither 9182 484 (5%) 0.0% (ref.)  256 (2.8%) 0.0% (ref.) 0.0% (ref.) 
aprevalence difference 








Table 5.5. Differences in prevalence (PD) of residential proximity to TRI/NEI sites and risk of elevated blood lead levels 
(³3 µg/dL) by combinations of maternal race/ethnicity and 1937 HOLC grade assigned to neighborhood of address at 
birth, excluding those not linked to a neighborhood with a 1937 HOLC grade (n=24,637) and those of non-Hispanic 
ethnicity and race other than Black or white (n=89). 






n <2 km to TRI 
and/or NEI 
site(s) 
n (% of row) 
PDa,b 
(95% CI) 
 ³3 µg/dL 








C or D 2250 1167 (52%) 38% (35%, 41%)  307 (14%) 8.9% (6.8%, 11%) 10% (7.9%, 13%) 
A or B 257 161 (63%) 49% (42%, 55%)  31 (12%) 7.2% (3.0%, 12%) 7.7% (3.1%, 12%) 
Hispanic C or D 1396 724 (52%) 38% (34%, 42%)  179 (13%) 8.1% (5.7%, 10%) 7.9% (5.3%, 10%) 
A or B 114 76 (67%) 53% (44%, 62%)  19 (17%) 12% (4.9%, 19%) 13% (5.1%, 21%) 
white, non-
Hispanic 
C or D 708 346 (49%) 35% (31%, 39%)  73 (10%) 5.5% (2.8%, 8.3%) 8.5% (5.3%, 12%) 
A or B 755 105 (14%) 0.0% (ref.)  36 (4.8%) 0.0% (ref.) 0.0% (ref.) 
aprevalence difference 








Table 5.6. Differences in risk (RD) of elevated blood lead (³3 µg/dL) associated with residential proximity at birth to 








year of birth 
IP-weighted, 
adjusted for 




adjusted for year 





adjusted for year of 




for year of birth, older 
housinga, and measures 





RD (95% CI) RD (95% CI) RD (95% CI) RD (95% CI) RD (95% CI) RD (95% CI) RD (95% CI) 
>2 km 
(ref.) 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
















        














ablock group percent of housing built before 1940 (tertile) 
bpayment at delivery (private insurance v. Medicaid or other), receipt of WIC benefits during pregnancy (any v. none) 







Table 5.7. Relative risk (RR) of elevated blood lead (³3 µg/dL) associated with residential proximity at birth to industrial TRI 
and NEI sites reporting lead released or emitted in the five years prior to and including birth. 
 Unadjusted model IP-weighted, 
unadjusted model 
IP-weighted, 
adjusted for year 
of birth 
IP-weighted, 
adjusted for year 




adjusted for year 




adjusted for year 





adjusted for year 









RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) 
>2 km 
(ref.) 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 
        
1-2 km 1.80 (1.62, 2.01) 1.90 (1.70, 2.12) 1.80 (1.61, 2.01) 1.57 (1.40, 1.75) 1.51 (1.34, 1.69) 1.39 (1.24, 1.57) 1.25 (1.11, 1.41) 
        
0-1 km 1.82 (1.53, 2.17) 1.94 (1.62, 2.32) 1.80 (1.50, 2.16) 1.74 (1.45, 2.08) 1.49 (1.23, 1.79) 1.41 (1.17, 1.70) 1.35 (1.12, 1.63) 
ablock group percent of housing built before 1940 (tertile) 
bpayment at delivery (private insurance v. Medicaid or other), receipt of WIC benefits during pregnancy (any v. none) 







Table 5.8. Differences in risk (RD) of elevated blood lead (³3 µg/dL) associated with residential proximity at birth to 







prior to birth 
Exposure 
assessed 
within 1 yr. 
prior to birth  
Restrict to 


















same address at 














RD (95% CI) 
RD (95% 
CI) 
RD (95% CI) RD (95% CI) 
>2 km 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

























































Table 5.9. Differences in risk (RD) of elevated blood lead (defined as ³5 µg/dL) associated with residential proximity at birth 
to industrial sites reporting lead released or emitted at varying time points prior to birth, with various exclusion or 






prior to birth 
Exposure 
assessed 
within 1 yr. 
prior to birth  
Restrict to 


















same address at 











RD (95% CI) 
RD (95% 
CI) 
RD (95% CI) RD (95% CI) RD (95% CI) RD (95% CI) RD (95% CI) 
>2 km 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 


























































CHAPTER 6: DISCUSSION 
6.1 Overview 
Lead exposure is a public health concern for both children and adults in North Carolina. 
There are hundreds of lead-emitting TRI sites and NEI point sources in North Carolina. Adults 
employed in these facilities are subject to lead exposure standards that have not been updated in 
over 40 years, despite a wealth of evidence indicating these standards are not sufficient to protect 
health. Evidence that these industrial sites adversely affect children living nearby could add 
weight to the push to improve workplace quality. 
 
6.2 Summary of results  
In the first Aim of this dissertation, I evaluated predictors of children’s blood lead testing 
and blood lead levels and estimated the number of children with elevated blood lead levels 
missed by existing surveillance programs. I found that there were as many as 17,500 children 
born in North Carolina in 2011-2016 who had elevated blood lead levels but were never tested 
for lead. In the second Aim of this dissertation, I examined the locations of TRI and NEI sites in 
Forsyth County and their relationships to the demographics of and children’s blood lead levels in 
neighboring communities. I found that people residing in close proximity to these sites were 
disproportionately Black or Hispanic, low income, and living in formerly red-lined 
neighborhoods. Residential proximity of <2 km to these sites at delivery was associated with 6% 




6.3 Innovation, strengths, and limitations 
This dissertation leveraged the linkage of a combination of publicly available 
environmental and neighborhood data and individual-level administrative data to answer novel 
and pressing questions about children’s blood lead screening and levels in North Carolina. To 
my knowledge, this was the first study to evaluate predictors of lead testing. This project built on 
previous analyses of predictors of blood lead levels (BLLs) in North Carolina108,134,159 and 
evaluated both neighborhood-level variables and individual measures from birth certificates as 
potential predictors of lead testing and children’s BLLs in all 100 counties in the state. Maternal 
characteristics are rarely considered in analyses of predictors of children’s BLLs. However, lead 
exposure is intergenerational. Lead stored in a woman can recirculate and transfer to her fetus 
during pregnancy, thus contributing to offspring lead content. Although there is evidence that 
residential proximity to airports in North Carolina is related to elevated BLLs in children, other 
environmental sources of lead exposure had not been systematically examined in relation to 
children’s BLLs. This was the first comprehensive assessment of lead exposure risk in North 
Carolina to include a broad range of well-documented sources of environmental lead exposure. 
The use of many sources of data allowed for a rich characterization of the environments 
into which North Carolina children were born, and evaluations of how these factors may have 
shaped their risk of lead exposure. These data were not created for this research project, 
however, so there were some caveats to their utility. Census tracts and block groups are 
administrative boundaries and may not reflect the neighborhood geography as defined by 
individuals and communities on the ground. Therefore there may be some discrepancy between 
the neighborhood described by Census information and that of a child’s lived experience of their 




around a child’s residence – lead dust from deteriorating lead paint from older and vacant 
housing is not deterred by socially constructed neighborhood borders. 
Although we can identify whether households overlapped with the boundaries reported 
by municipal water systems, homes that overlap with public maps of water system service areas 
may not actually be served by these public utilities.248 Moreover, this misclassification is not 
random. In Wake County, which contains the second largest population of any North Carolina 
county, block groups with increasing proportions of Black residents have higher odds of being 
excluded from public water systems.249 Further, even if homes are served by public water 
systems, we do not have a measure of the lead levels in their water. Lead concentrations in water 
can vary dramatically by neighborhood, even within the same water utility service area.76 Water 
treated with chloramines can deteriorate lead plumbing and fixtures. In Wayne County, NC, 
Miranda et al (2007) determined that this effect was seen most strongly in houses built before 
1950.80 Accounting for age of housing will reduce the need to identify disinfectant sources in 
municipal water, but may not eliminate all potential confounding from this source.  
To my knowledge, this is the first project to use birth certificates to enumerate a cohort 
from which children were screened for lead exposure. This novel linkage of birth certificates to 
children’s blood lead testing results provided estimates of the likelihood of receiving this key 
health service. A key aim of this dissertation was to understand the association between 
residential location and blood lead testing and levels. I relied upon geocoding of maternal 
address reported on the birth certificate to identify a child’s neighborhood and proximity to 
environmental sources of lead. Geocoding birth certificates was likely imperfect and may have 
resulted in loss of some information. Previous studies of North Carolina children’s blood lead 




improved geocoding methods did not alter their resulting models of predictors of children’s 
elevated BLLs in North Carolina.108 Because of the reliance on home address, this analysis 
cannot fully account for exposures that occur outside of the home environment such as at school 
or daycare. However, a key objective of this dissertation was to identify factors at birth that 
could predict lead exposure and ultimately be leveraged to prevent elevated blood lead levels in 
childhood.  
This dissertation largely used neighborhood-level measures of and proxies for sources of 
environmental lead exposure. There were no measures of lead levels in environmental media 
such as soil, air, or water. I cannot identify from this project the exact source or location of lead 
in a child’s environment. Further, there were a number of individual-level potential predictors of 
lead testing and sources of lead exposure that could not be identified in this project, including 
information about pediatricians or healthcare providers (who may decide whether or not to 
perform a blood lead screening test), adult occupational take home lead exposure, second-hand 
smoke exposure, individual measures of housing age or quality, use of contaminated cultural 
powders and spices, or family members’ hobbies that result in lead exposure. Moreover, I could 
not capture any mitigating factors, such as maternal or child dietary calcium intake. However, 
many of these individual-level sources of lead exposure are easily modifiable and preventable. 
They are the sources frequently targeted by childhood lead investigations. Neighborhood-level 
sources of lead are more difficult to avoid and prevent without broader structural interventions. 
Such interventions could benefit an entire community, though, and should be a target of public 
health research and policy. 
Finally, the second aim of this dissertation was a study of a single county in North 




state’s occupational lead exposure. Focusing on a single county in North Carolina allowed for a 
deeper exploration of the historical and political policies that shaped contemporary uneven 
patterns of industrial hazards and lead exposure. Although results from this aim may not be 
directly generalizable to all counties in North Carolina nor to all TRI and NEI sites in the U.S., 
the history of redlining, urban renewal, segregation, and economic immobility are not unique to 
Forsyth County, the methods and results can certainly inform future analyses of new policies to 
address environmental injustices in other communities throughout the country. 
 
6.4 Significance and implications 
The implications of the results of my dissertation are wide-ranging. In my first aim, I 
identified potentially thousands of children with subclinical lead poisoning who never received a 
blood lead screening test. Some of these children should have received screening tests according 
to Medicaid requirements. The relatively small proportion of children covered by Medicaid 
missed by surveillance actually speaks to the success of Medicaid in North Carolina. Targeting 
these children for this service is not perfect, but it has worked for this vulnerable population. My 
results show that expanding blood lead screening testing as a universal requirement for all 
toddlers could benefit thousands of children. Such an expansion would align with the North 
Carolina Division of Public Health’s recent move to make free blood lead testing available to all 
pregnant women at local health departments.251 It must not, however, come at the cost of 
reducing the effectiveness of lead testing for children on Medicaid. This would mean not only 
preventing diversions of currently allocated funds, but also increased blood lead testing financial 
and material support so that receiving the results of these blood tests are not delayed by shortages 




In the U.S., the main strategy to protect children from lead relies on identifying children 
with high concentrations of lead in their blood and removing lead exposure sources. There is no 
doubt that expanding blood lead screening to all children at ages 1 and 2 years would identify 
more lead-exposed children under this surveillance paradigm. These children and families would 
then receive interventions to reduce or eliminate chronic lead exposure and the resulting long 
term adverse health impacts. Further, expanding screening would provide more information 
about which children were exposed to lead. This, in turn, would help public and environmental 
health workers identify sources of lead, which could aid in the creation and adoption of true 
primary lead prevention programs to eliminate potential sources of lead before a child is ever 
exposed.  
With lead, prevention of exposure is key. Reducing children’s blood lead levels after lead 
exposure is not effective at improving neurological outcomes, and the neurotoxic effects of lead 
may be irreversible.243 Requiring children on Medicaid to receive a blood lead screening test is 
clearly not a preventative measure. Rather, it is a band-aid which covers a structural 
environmental injustice. Children covered by Medicaid in North Carolina are disproportionately 
Black or Hispanic.260 Additionally, because of historic and continued structural and 
environmental racism, Black families are more likely to live near industrial sources of lead 
pollution205-207 and less likely to have the generational wealth that provides access to high quality 
housing and private health insurance. It is simple to conclude that children covered by Medicaid 
are more likely to be exposed to lead and require lead screening. As I showed in my first aim, 
while Medicaid status is indeed positively associated with children’s blood lead levels, 




explored in my second aim, structurally racist policies of the past are related to the 
disproportionate burden of lead exposure on Black and Hispanic children today.  
My findings show the need for lead prevention policies that address the broad 
neighborhood impacts of industrial lead production facilities. The results of both aims of this 
dissertation show that residential proximity to TRI and NEI sites which release or emit lead is 
linked to elevated blood lead levels in North Carolina children. These sites are largely (self-
)regulated under environmental and occupational health statutes created decades ago. Legal 
operation of many of these facilities results in dangerously high lead exposure for adult 
workers36 and their families.202 My research shows they additionally impact their 
(disproportionately Black and Hispanic) neighbors. These kinds of impacts cannot be addressed 
with individual interventions or recommendations. Rather, they require proactive structural 
policy solutions that link workers’ health with that of the communities and children around their 
places of employment to prevent lead exposure for all.  
 
6.5 Future directions 
There are several areas in which additional research would support and hasten the 
development of primary lead prevention policies. Research that measures lead in soil, water, or 
air samples could improve identification of the paths by which children are exposed to lead. 
Utilization of isotopic ratio analyses could also serve to better identify sources of lead.261 
Knowing these sources would allow for the creation of policies to target their elimination. A 
parallel research track would be to investigate the effects of improving occupational lead 
exposure standards or regulation of lead releases and emissions on both workers’ lead exposure 




Black, Hispanic, and low income children are more likely to be exposed to lead in North 
Carolina. Future research must also critically evaluate whether new policies – whether related to 
lead testing, workers’ health, or environmental lead – could inadvertently perpetuate or increase 
these disparities.  
 
6.6 Reflection and conclusions 
This dissertation was never going to be a straightforward analysis with a clear 
environmental exposure and a distinct health outcome. It began as a series of meetings with 
epidemiologists and public health workers at the North Carolina Division of Public Health, 
where they taught me about lead in North Carolina’s children and workers. It evolved into a 
broad exploration of children’s lead testing, environmental lead exposure, and the historic and 
contemporary systems that impact the health and welfare of today’s children and families.  
My final year of graduate school also coincided with the beginning of the COVID-19 
pandemic. I spent many hours contemplating the parallels between COVID and lead. COVID 
tests were initially of poor quality in the U.S., leading to the retraction of testing kits and the 
delayed identification of a disease sweeping the country.262 If testing hadn’t improved, and we 
used tests that only reliably identified a small proportion of cases, we could still be missing all of 
the asymptomatic cases and be unable to track down the virus. Such a scenario is not far off from 
what has happened with children’s lead testing.  
Only one device, LeadCare® II, is commercially available in the U.S. for point-of-care 
blood lead testing – that is, tests can be conducted in an office or clinic for rapid results, with 
only a couple of drops of capillary blood from a finger prick, and requiring neither high skill 




this device is 3.3 µg/dL.26 Moreover, test results ³5 µg/dL in children require additional 
confirmation testing sent to a laboratory.26,27 Even then, some CDC laboratories using venous 
whole blood report detection limits as high as 3-5 µg/dL.24 
As Geoffrey Rose said decades ago, “What is common is all right, we presume.”215 By 
failing to improve blood lead testing, we have normalized subclinical lead poisoning, a fully 
preventable hazard. Virtually all lead in the environment is anthropogenic.14 There is growing 
evidence that even what has been called “baseline” environmental lead is in fact due to Roman 
lead production and is not “natural.” Though we’ve eliminated lead from many industries, lead 
deposited in soil can persist for decades or centuries. To eliminate lead exposure in children, lead 
must be eliminated from the environment. Without massive structural interventions to both a) 
drastically improve the quality of blood lead tests and b) test all children for lead, neither of these 
goals can be accomplished.  
Perhaps because federal policies in the 1970s, 80s, and 90s addressed some of the biggest 
sources of lead pollution, or because researchers use terms like “elevated exposure,” or because 
blood lead concentrations are measured in µg/dL rather than parts per billion (ppb), it seems that 
many of us have been lulled into thinking children’s lead exposure is a concern of the past, or 
isolated to places like Flint, Michigan.263 But that lack of urgency has severe, intergenerational 
consequences.244,259,264,265 We must prioritize innovation in public health technology and policies 
to prevent lead from harming more families and communities. While it certainly costs money to 
invest in new equipment, new solutions, new ways of thinking about lead exposure, we have 
seen substantial investment in research and surveillance for extremely rare disorders and 
outcomes. Lead exposure is, sadly, not rare, but it is preventable. We can remove exposure. We 




APPENDIX I: FULL LEAD TEST LINKAGE DESCRIPTION 
The North Carolina Children’s Lead Prevention Program provided 1,259,523 children’s 
lead tests results for that occurred in the years 2011-2018, facilitated through a data use 
agreement. Six lead test records reported a state of residence outside of North Carolina [NY 
(n=5) or OH (n=1)] and were removed, leaving a total of 1,259,517 children’s blood lead tests. 
Additionally, records where the child’s date of birth was prior to January 1, 2011 were removed 
(n=301,323), leaving 958,194 lead tests.  
All test records included a (supposedly) unique identification variable, so that all lead 
tests for the same child should have a single identifier. There were 614,077 unique identifiers. 
Most lead IDs were linked to a single lead test (n=329,794; 53.7%). Over a third of lead IDs 
were linked to two lead tests (n=241,959; 39.4%), while 40,943 (6.7%) were linked to 3 to 5 
tests. The remaining 1,381 (0.2%) IDs were linked to 6 or more tests, with a maximum of 37 
tests linked to a single lead ID. 
Lead tests and birth certificates included the following common information: child first 
name, child middle name, child last name, child sex, child date of birth, address, city, county, 
and zip code. Birth certificates additionally included a variable for child suffix. A single test per 
lead ID was randomly selected to use for linking lead tests to birth certificates. Birth certificates 
were linked to a lead ID using a series of deterministic linkage rules (Appendix I Table 1). Prior 
to linkage, all spaces and special characters were removed from name variables. Full name match 
was defined as the following options: 
 
1) exact match on both a) first name or concatenated first and middle names and b) last 




2) exact match on the concatenated first, middle, and last names (or last name and suffix, for 
birth certificates only) 
 
Fuzzy match on name included using the SOUNDEX, COMPGED, and SPEDIS 
functions in SAS or matching on at least one part of a multi-part name (e.g., Martinez-Garcia 
matching to Martinez). Partial date of birth match was defined as matching on at least two parts 
of the date (e.g., day and month, but not year). Location information was also used to define 
higher likelihood linkages. Linkage rules were conducted in steps, with the first step requiring a 
match on all location information (approximate address, city, county, or zip code), secondary 
matches requiring a match on at least on location variable, and final matches within each rule 
matching on no location variable. At every step, 50 linked pairs were randomly selected to 
manually evaluate the quality of the linkage. If any pairs appeared to be erroneously linked, the 
linkage rule was refined using more conservative values (for COMPGED and SPEDIS functions) 
or removed.  
Over the course of the linkage process, 9,495 birth certificates (1%) were linked to two or 
more Lead IDs. Upon review, many of these cases appeared to be a single child that was 
erroneously assigned multiple Lead IDs. Lead ID links were discarded in the following cases: 
 
1. If a test date associated with the weaker (higher) linkage rule occurred within six months 
of a test associated with the strongest linkage rule, the weaker linked Lead ID was 
discarded 
2. If a Lead ID with the strongest linkage rule was associated with three or more lead tests, 




3. If dates of tests associated with two IDs linked to the same birth certificate overlap, (e.g., 
a test from one ID occurred on a date between test dates associated with another ID), then 
the weaker linked ID was discarded 
4. Lead IDs linked using Rule 4 were discarded if any other Lead ID was linked to the same 
birth certificate using a stronger linkage rule 
 
Evaluation of a random sample of 50 remaining 6,823 duplicated birth certificates determined 
they all appeared to be legitimate linkages. As a result, a final total of 542,399 lead IDs were 
linked to 535,566 birth certificates.  
 
Appendix I Table 1. Linkage rules and success 
Primary Linkage Rule Location match Lead IDs linked 
1. Full name match and  
full date of birth match 
at least one location 416,388 
no location 73,339 
2. Fuzzy name match and  
full date of birth match 
at least one location 38,597 
no location 4,638 
3. Full name match and  
partial date of birth match 
at least one location 6,175 
no location 1,456 
4. Fuzzy name match and  
partial date of birth match 
at least one location 1,153 
no location 653 
Total  542,399 
 
18,766 birth certificates (3.5% of those linked to one or more lead tests) could not be 
geocoded and were removed, as the cohort included only geocoded births. This left a final tally 
of 523,633 birth certificates (64.85% out of the 807,480 in the geocoded cohort) linked to 
861,870 lead tests (89.9% of all of the children’s lead tests conducted and reported to the State 






Appendix I Table 2. Distribution of characteristics of linked versus unlinked lead tests 
  Unlinked Linked 
Total lead tests  96,324 (10.1%) 861,870 (89.9%) 
Year of lead test 2011 161 (0.2%) 765 (0.1%) 
 2012 5308 (5.5%) 67134 (7.8%) 
 2013 10,811 (11.2%) 119,577 (13.9%) 
 2014 13,060 (13.6%) 128,691 (14.9%) 
 2015 13,295 (13.8%) 121,725 (14.1%) 
 2016 17,292 (18.9%) 136,120 (15.8%) 
 2017 18,063 (18.8%) 140,598 (16.3%) 
 2018 18,334 (19.0%) 147,260 (17.1%) 
Year of birth 
(recorded on lead 
test 
2011 16,976 (17.6%) 138,260 (16.0%) 
2012 16,961 (17.6%) 137,716 (16.0%) 
2013 15,653 (16.3%) 129,724 (15.1%) 
2014 15,046 (15.6%) 128,250 (14.9%) 
2015 14,242 (14.8%) 131,222 (15.2%) 
2016 11,576 (12.0%) 124,270 (14.4%) 
2017 5,087 (5.3%) 72,146 (8.4%) 
2018 783 (0.8%) 282 (0.0%) 
Age at test neg. 32 (0.0%) 101 (0.0%) 
 0 173 (0.2%) 214 (0.0%) 
 <6 months 794 (0.8%) 4048 (0.5%) 
 6- <18 months 36295 (37.7%) 478462 (55.5%) 
 18- <30 months 35764 (37.1%) 312013 (36.2%) 
 ≥30 months 23266 (24.2%) 67032 (7.8%) 
Blood lead level ≤1 µg/dL 77352 (80.3%) 702598 (81.5%) 
 2 µg/dL 9911 (10.3%) 91428 (10.6%) 
 3-4 µg/dL 6005 (6.2%) 47132 (5.5%) 
 5-9 µg/dL 2416 (2.5%) 16355 (1.9%) 
 10+ µg/dL 640 (0.7%) 4357 (0.5%) 
Specimen type Venous 11,010 (11.4%) 64,181 (7.5%) 
 Capillary 81,098 (84.2%) 761,387 (88.3%) 
 missing 4,216 (4.4%) 36,302 (4.2%) 
Location of testing Point of care 28348 (29.4%) 252674 (29.3%) 
NC State Laboratory 48631 (50.5%) 463175 (53.7%) 
 LabCorp – Burlington, NC 8072 (8.4%) 66567 (7.7%) 
 LabCorp-Medtox - St Paul, MN 4433 (4.6%) 33499 (3.9%) 
 other 6802 (7.1%) 45908 (5.3%) 
 missing 38 (0.0%) 47 (0.0%) 
Sex female 46,377 (48.2%) 418,464 (48.6%) 
 male 49,371 (51.3%) 440,063 (51.1%) 
 missing 576 (0.6%) 3,343 (0.4%) 
Primary race 
reported 
Asian 5,262 (5.5%) 19,295 (2.2%) 
Black/African American 19,837 (20.6%) 225,629 (26.2%) 
 American Indian/Alaskan Native 787 (0.8%) 12,384 (1.4%) 
 other 3,577 (3.7%) 31,672 (3.7%) 
 Native Hawaiian/Pacific Islander 144 (0.2%) 1,406 (0.2%) 
 white 45,424 (47.2%) 409,823 (47.6%) 
 missing 21,293 (22.1%) 161,661 (18.8%) 
Hispanic ethnicity  12828 (13.3%) 126056 (14.6%) 
missing 30012 (31.2%) 240026 (27.9%) 
Medicaid status ever reported 47,910 (49.7%) 558,788 (64.8%) 





The distribution of blood lead levels reported on tests that were linked to a birth 
certificate was similar to that on tests not linked a North Carolina birth certificate (Supplemental 
Table AI.2), though slightly less likely to be elevated (3 µg/dL or greater). Linked test results 
were more likely to have been from capillary blood and reported by the NC State Laboratory. 
The unlinked lead tests were more likely to have been conducted in 2016, 2017, or 2018, and to 
have a recorded age of >30 months (2.5 years), as opposed to linked tests, which were more 
likely to have a recorded age of 6-18 months. Linked tests were also more likely to have a 
marker indicating the child had ever been covered by Medicaid. Finally, linked tests were more 
likely to have a primary race of Black/African American or American Indian/Native Alaskan 
than unlinked tests, and less likely to have a recorded race of Asian.  
It is likely that many of our unlinked lead tests belong to children who were not born in 
North Carolina. These children would likely be older and could include refugees, a population 
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